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GENERAL INFORMATION ABOUT THE |IEA

INTERNATIONAL ENERGY AGENCY

The International Energy Agency, founded in November 1974, is an autonomous body within the framework of the
Organization for Economic Cooperation and Development (OECD} which aims to coordinate the energy policies of
its members. The twenty-three member countries seek to create the conditions in which the energy sectors of their
economies can make the fullest possible contribution fo sustainable economic development and to the well-being
of their people and the environment. The European Commission also pardicipates in the work of the Agency.

The policy goals of the IEA include diversity, efficiency and flexibility within the energy sector, the ability to respond
promptly and flexibly to energy emergencies, the environmentally sustainable provision and use of energy, more
environmentally-acceptable energy sources, improved energy efficiency, research, development and market
deployment of new and improved energy technelogies, and cooperation among all energy market participants.

»

These goals are addressed in part through a program of coltaboration in the research, development and
demonstration of new energy technologies consisting of about 40 Implementing Agreements. The |EA's R&D
activities are headed by the Committee on Energy Research and Technology (CERT) which is supported by a small
Secretariat staff in Paris. In addition, four Working Parties (in Conservation, Fossil Fuels, Renewable Energy and
Fusion}) are charged with monitoring the various collaborative agreements, identifying new areas for cooperation and
advising the CERT on policy matters.

IEA SOLAR HEATING AND COOLING PROGRAM

The Solar Heating and Cooling Program was one of the first collaborative R&D agreements to be established within
the IEA, and, since 1977, its Paricipants have been conducting a variety of joint projects in active solar, passive
solar and photavoltaic technalogies, primarily for building applications. The twenty members are:

Australia France Spain

Austria Germany Sweden
Belgium Italy Switzerland
Canada Japan Turkey
Denmark Netherlands United Kingdom
European Commission New Zealand United States
Finland Norway

A total of twenty projects or "Tasks" have been undertaken since the beginning of the Solar Heating and Cooling
Program. The overall program is monitored by an Executive Commitlee consisting of one representative from each
of the member countries. The leadership and management of the individual Tasks are the responsibility of Operating
Agents. These Tasks and their respective Operating Agents are:

*Task 1: Investigation of the Performance of Solar Heating and Cooling Systems - Denmark
*Task 2: Coordination of Research and Development an Solar Heating and Cooling - Japan
*Task 3: Performance Testing of Solar Collectors - Germany/United Kingdom
*Task 4: Development of an Insulation Handbook and Instrument Package - United States
*Task 5: Use of Existing Meteorological Information for Solar Energy Application - Sweden
*Task 6: Solar Systems Using Evacuated Collectors - United States
*Task 7: Central Solar Heating Plants with Seasonal Storage - Sweden
*Task 8: Passive and Hybrid Solar Low Energy Buildings - United States
*Task 9: Solar Radiation and Pyranometry Studies - Canada/Germany
*Task 10: Material Research and Testing - Japan
*Task 11: Passive and Hybrid Solar Commercial Buildings - Switzerland
Task 12: Building Energy Analysis and Design Tools for Solar Applications - United States
Task 13: Advanced Solar Low Energy Buildings - Norway
Task 14: Advanced Actlive Solar Systems - Canada
Task 15: Mot initiated
Task 16: Photovoltaics in Buildings - Germany
Task 17: Measuring and Modelling Spectral Radiation - Germany
Task 18: Advanced Glazing Materials - United Kingdom
Task 19: Seolar Air Systems - Switzerland
Task 20: Solar Energy in Building Renovation - Sweden
Task 21: Daylighting in Buildings - Denmark
- *Completed
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ABSTRACT

The work of Subtask 9C-Pyranometry of Task 9-Solar Radiation and Pyranometry Studies
of the IEA Solar Heating and Cooling Program is the subject of this report. Discrepancies
in pyranometer calibration and characterization had been found by the participants in
Task 3-Performance Testing of Solar Collectors and the resulting level of uncertainty in
radiation measurement limited the achievement of their task. Subtask 9C was constituted
to resolve these discrepancies and to demonstrate improved measurement of radiation.

The focus of the work is on determining the effects of factors other than irradiance on the
signals from pyranometers, which is the meaning of characterisation in the context of
pyranometry. If the charcterisation is accurate and if the interfering factors are known,
then the pyranometer signal can, in principle, be corrected to give a more accurate
measurement of irradiance. The report addresses non-linearity in response and the
influences of the direction and spectrum of the radiation, the instrument temperature and
its rate of change, the tilt of the instrument, the thermal radiation environment and the
ventilation of the instrument. The physical basis and a suitable formulation of these
unwanted influences are given as is a new expression of the directional response that is
now adopted in the International Standards Organization document ISO 9060. Also three
sets of conditions for Benchmark calibrations are defined in order to facilitate comparison
of calibration techniques. Methods of characterisation that are used by the participating
laboratories are examined with the purpose of assessing the accuracy of their respective
results. As well, the results from different laboratories of several types of
characterization on identical instruments are compared. Altogether, results from eleven
laboratories on nearly thirty pyranometers of seven types have heen examined.

The characterisation results and many types of comparison are presented. In some cases
the agreement between laboratories is satisfactory in the sense that it is explicable in
terms of the assessed accuracy of techniques used at the laboratories; in other cases the
discrepancies are larger than expected. A significant conclusion is that 10-minute average
measurements with an rms uncertainty of less than 20Wm? at 1000Wm™ are possible but
often not achieved even by the best efforts of leading radiation laboratories. This is based
in part on comparisons of Benchmark calibrations on identical instruments by different
laboratories. New findings from this work on offset or zero signals can significantly
improve measurements of low intensity solar radiation by some of the types of
pyranometer. The report includes a chapter which lists different procedures for
measuring solar radiation and estimates of the associated uncertainties.







Executive Summary

This report is the outcome of Subtask C of Task 9 of the IEA Solar Heating and Cooling
Program (SHCP). IEA-SHCP Task .9 -Solar Radiation and Pyranometry Studies was initiated
in 1982 to address the continuing need for better data on solar radiation and meteorclogy
in the assessment of the solar energy resource and for better measurements in the testing
of solar converters. There were initiatially three subtasks, each coordinated by a lead
country:

9A Small-Scale Time and Space Variability of Solar Radiation (Austria).

9B Validation of Solar Irradiance Simulation Models (Canada)

acC Pyranometry (Canada)

Three more subtasks were added in 1987:

9D Techniques for Supplementing Network Data for Solar Energy
Applications (Switzerland)

SE Representative Design Years for Solar Energy Applications (Denmark)

9F Irradiance Measurements for Solar Collector Testing (Canada)

The origin of Subtask 9C is in IEA-SHCP Task 3 -Performance Testing of Solar Collectors.
The particants in Task 3 found that uncertainties in radiation measurments were limiting
the accuracy with which the conversion efficiency of collectors could be determined.
Their investigation into the characterisation of pyranometers then revealed surprisingly
large discrepancies between results from different laboratories. The goal of Subtask 8C
was to resolve these discrepancies and to demonstrate the extent to which
characterisation could be used to reduce the uncertainities in radiation measurement. The
participating countries were Austria, Canada, Germany, Japan, the Netherlands, Sweden
and the United States. Experiments were conducted on nearly all aspects of
characterisation. These expe.timents and much of the analysis were completed prior to
1990. The conclusions are currenlty valid, not superceded by any other analysis. The
recently developed Kipp and Zonen CM21 pyranometer might have been included in the
study had the experiments been performed later. Due to the wide range of the work, the
report is written as a general account of pyranometer characterisation. It is intended for

researchers involved in radiation measurement or in solar conversion technology.

The concept of an ideal pyranometer and the departures of real pyranometers from this
ideal model provide the basis for formulating the work and analysing the results. An
ideal pyranometer is one that would generate an output voltage or signal V exactly




proportional to the irradiance £ , with the constant of proportionality being the

responsivity, R,. Thus:

V=R_E [i]
The behaviour of even the best availahle (them;loelectric) pyranometers could depart
sufficiently from this ideal to generate differences of up to 10% between simultaneous
measurements made with colocated pyranometers calibrated for different applications by
different established meteorological institutes as reported, for example, bjz Task 3in
“Results of a Pyranometer Comparison”, 1380.

Because the pyranometer output signal is influenced by the specific conditions under
which the measurements are made (for example, ambient temperature and direction of the
radiation) errors may be introduced by the simple and generally used assumption that the
responsivity is the same in the application as during the calibration.

The rationale for this work, and for the earlier Task 3 project “Results of an Qutdoor and
Indoor Pyranometer Comparison,” 1984, is that these errors can be corrected if the
behaviour of the pyranometer under different conditions can be determined and if the
conditions at the time of the measurement are known. For example, if it is known that the
responsivity of a particular pyranometer decreases by 1% for every 6°C rise in
temperature, the measurements with that pyranometer can be corrected provided the
instrument temperature at the time of measurement is known.

Characterisation in this report means the determination of how the output signal depends
on the conditions to which the instrument is subjected. The discrepancies in the extensive
characterization data obtained from this work (as well as from the Task 3 1984 project)
caused the main emphasis to be on techniques for characterisation and their accuracies
rather than the demonstration of improved measurements. Parts of the original work plan
of Subtask 9C were therefore postponed, being transferred into Subtask 9F. These include
IEA-SHCP-QF-1 -Using Pyranometers in Tests of Solar Energy Converters , step-by-step
instructions completed in 1995 and IEA-SHCP-9F-5 -Improvement of Pyranometer Data by

Cosine Error Corrections completed in 1993.

The work reported here is based on a multi-laboratory approach in which results obtained
at many different institutes from many different instruments are compared. In addition



to the nine authors representing eight separate organisations, workers from six other
organisations, including two manufacturers, have participated. Pyranometers were lent to
the co-ordinating labaratory (the National Atmospheric Radiation Laboratory(NARC) of
Canada) by four manufacturers and by three of the institutions which had participated in
Task 3. Nearly thirty pyra:tiometers have been tested by more than one laboratory;
seventeen have been tested by at least four laboratories. This has enabled discrepancies
to be evaluated and estinates to be made of the accuracy of different characterisation
techniques. Characterisation assessments have been made on the same group of
pyranometers by different organisations whenever possible and the expert participants
have used their own methods of choice with no attempt being made to force them to

adopt the same protocols.

The pyranometer response function {(defined as the expression of the output signal of a
pyranometer subjected to various conditions as a function of variables that describe those
conditions) is fundamental in this study. Characterisation of a pyranometer provides the
data from which its response function can be specified. The response function of a real
pyranometer is inevitably more complex than Equation i, on page ii, which is the response

function of an ideal pyranometer.

This study has considered the influence of the following variables on pyranometer output:

direction of the incident radiation

Cn

temperature of the pyranometer
tilt of the pyranometer from the horizontal
level of irradiance (this allows non-linearity to he specified),

wavelength of the radiation

TS © I~ R

net thermal radiation (i.e., the difference between the downward long-wave radiation
and black-body radiation at the temperature of the instrument

T rate of change of temperature

Ventilation — the air flow regime around the pyranometer.




The following response function has been used to accommodate these variables:

V=Ry-F,-F, Fg-F,- (E+2) i

in which the symbols represent:

R, responsivity in some specified (possibly benchmark) conditions.

F  correction factors which are each functions of the subscript variables. They are equal
to unity in the conditions for which R is specified and would be equal to unity in
all conditions if the pyranometer were ideal.

Z  an offset equivalent irradiance - the error that would be caused by assuming that a
pyranometer gives a zero signal when the irradiance is zero (the dependence of this
offset on long-wave irradiance and rate of change of ambient temperature has been
studied together with the influence of ventilation on the dependence).

The rigorous definitions in this response function, and a brief physical explanation of why
the variables can be separated in this way, are given. The characterisation measurements
in this work can be accommodated by this formulation down to the noise level which is

usually in the range 1-2 Wm™.

The independent variables are not all of the same type, for example:

Instrument Tilt
Instrument Tilt is well-understood and usually chosen specifically by the experimenter
so that, if the correction factor for pyranometer tilt has been accurately measured, the
correction to the measurement is immediately available.

frradiance Level
Irradiance Level {£) is similar to instrument tilt, being a variable that is always known
to an accuracy that permits a correction for non-lmeanty to be made,

Temperature
Temperature differs from instrument tilt because there may be significant uncertainty
in its value, either because of inaccurate measurement or because no measurements
are taken. Correction to the irradiance measurement for the effect of temperature has
two components of uncertainty: that deriving from the uncertainty in method of
characterisation and that which results from uncertainty in the actual temperature.
This is not a trivial consideration. For example, a type of pyranometer which (from
most viewpoints) performs extremely well in normal temperatures has a very high
coefficient of responsivity change with temperature at low temperatures so that an
uncertainty of 5°C in the instrument temperature at -30°C ovemdes all other sources
of error.

iv




Direction of the Incident Radiation

Direction of the Incident Radiation differs in nature from the preceding types of
variable. Under laboratory conditions, an illuminating beam of radiation may be
established from only one direction but, in the field, radiation comes from all
directions. This multi-directionality is handled properly in the formal definitions
given in this report and, if the radiance distribution at the time of measurement is
known precisely, the appropriate correction can be derived from the directional
characterisation. It is important to note that under field conditions the operator does
not usually know much about the radiance distribution. The accuracy of a particular
irradiance measurement, therefore, depends on both the accuracy in directional
characterisation and the extent to which the radiance distribution (which may be
expressed statistically) is known. It is important to note that a pyranometer which has
a good directional response will generate smaller irradiance measurement errors than
an instrument which does not have uniform directional response, no matter how well
characterised the latter may be.

Spectral Distribution of the Radiation

Spectral Distribution of the Radiation, like radiance distribution, cannot usually be
described by a single variable but does not lead to significant uncertaintiesin
measurements by thermoelectric pyranometers. This is due to the combination of the
relatively mild spectral non-uniformity in response and the small variability in spectra
of natural short-wave radiation.

Concerning the response equation (Equation ii), the subtask work can be summarised in

relation to each term as follows:

R,

Benchmark conditions have been defined in the report to represent a "standard”
solar testing configuration and a "standard" meteorological configuration and one
other configuration. Extensive comparisons on the determination of responsivity
(R,) for these conditions on identical instruments have been made between
different institutions. The results generally show standard deviations of ~1.0%
indicating that the inter-laboratory discrepancies do not originate solely because
calibrations were undertaken under different environmental conditions. However,
the large discrepancies noted during the early 1980s can be ascribed to
differences, for different types of pyranometer, between these two "standard"
benchmarks.

In addition to comparing benchmark calibrations, the report contains an extensive
matrix of calibration results undertaken by about twelve institutes, sometimes
using several methods, on identical instruments. The matrix identifies systemath
differences between cahbranons by different institutions.

Directionality is usually the main source of measurement errors. A new
specification of directional errors has been formulated called the "1000 Wm™=
absolute directionality error" which has several advantages over the traditional
cosine error. For example, it directly expresses the maximum irradiance
measurement error that could occur in outdoor conditions if directionality were
ignored. Some of the authors would like to see the cosine error expression replaced
but there is not a consensus on this.

Laboratory characterisation techniques have been documented and results
compared showing that, particularly with the better pyranometers, discrepancies




between results from three or four laboratories amounted to only 3-4 Wm™ in the
1000 Wm™2 directionality error.

Field measurements of directionality usually apply to global radiation and have to
be converted, using assumptions about the sky radiance distribution, to enable
comparison with laboratory measurements. The field measurements were
principally made at two institutes and the results show more variability than those
from laboratories. The agreement between field and laboratory characterisation is
satisfactory in many cases. There are however some clear differences which may
be caused by non-linearity and other effects but these cases have not been
analysed in detail.

F, Large, unanticipated discrepancies of 2-3% were found between some laboratories
although in the limited temperature range of 0-30°C these were smaller. The
mandate for Subtask 9F includes provisions for improving the techniques for
temperature characterisation.

P"ﬁ z Laboratory measurements of both non-linearity and tilt are generally satlsfactory
with. a discrepancy of less than 3 Wm™.
}7:1 Laboratory tests were made on responsivity as a function of lamp spectrum.

Definitive results were obtained which are atiributed to the known spectral
properties of the glass and of the black or black and white surfaces in the
pyranometers. The spectral non-uniformity of thermoelectric pyranometers used
in natural radiation is not a significant source of error.

Z The offset signal in pyranometers exposed to the night sky was studied
statistically and related to long-wave radiation and ambient temperature change.
Specific field experiments were also undertaken to examine the effect of changing
the long-wave radiation, and both the long-wave radiation and temperature change

. {thermal shock) were studied in the laboratory.

P Results on long-wave radiation cbtained using different techniques and from
different laboratories agree quite well. The agreement is best, and the infiuence
least, when pyranometers are enclosed in ventilated housings where the effect is
about the same for most double-dome pyranometers (i.e., circa 2.0-2.5% of the net
thermal radiation). The offset signal recorded under natural observing conditions
will then vary between zero and 4 Wm™2, depending on the infrared condition of
the sky.

T Results for temperature change and thermal shock are rather variable which may
reflect the difficulties of establishing identical thermal conditions in different
laboratories and/or in the field. Some types of pyranometer are significantly worse
than others with respect to this characteristic. Generally, a change of 10°C during
one hour induces an offset signal of less than 4 Wm™.

Ventilation It is strongly recommended that pyranocmeters be enclosed in a ventilated
housing which reduces variability in the offset signals caused by long-wave
radiation and changes in temperature.




Although the complete treatment of measurement errors arising from directionality and
sky radiance distributions has been left to Subtask 9F, some approximate estimates
suggest that overall uncertainties in the range 20-40 Wm™ (2¢) can be achieved with
several of the better pyranometers. (These values refer to ten-minute averages when the
irradiance is high. e.g. 10-20 Wm™2rms at 1000 Wm™=2.)

The potential levels of accuracy attainable using instruments of different levels of guality
and complexity are estimated. These estimates should be useful for determining
strategies and instrumental requirements needed to achieve a given level of performance.

The findings of the report do not contradict the conventional and established wisdom that
the most accurate method of measuring global irradiance requires two instruments: a
cavity radiometer (measuring direct irradiance) and a good pyranometer equipped with a
tracking, shading disc (measuring diffuse irradiance). The global itradiance can then be
derived from the sum of the direct and diffuse components.

Some have expressed concern that pyranometer ageing (the change in responsivity with
time) is a serious problem introducing errors that may reach ~4% annually. The authors
believe that this assessment is not realistic and that changes in responsivity greater than
one percent per year are unusual. However, it is probable that some small instabilities in
responsivity will have occurred during the work and contributed to the inter-laboratory
discrepancies.




Roof of the Swedish Meterological and Hydrological
Institute, Norrkdping, Sweden.

Pyranometers at the National Technology Institute (TNO),
Delft, Netherlands.
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Abbreviations of Institutes, Instruments and Others

Abbreviation

AFES

“Austria”
“Boras”; “BO”
“Davos™; “DA"

DFVLR

DWD
“Delft”
DSET
“Eppley”

“Hamburg”; HA”
“Kipp”; “KI”;
K&Z

KNMI

MOH

NARC
“Norrk”

NREL

RNMI

SERI

SP

SRF

SMHI
TPD/TNO

“Toronto™; “TO”
“Vienna"; “vI”
WRC

- ZFMG

Institute, Laboratory, Centre etc,

Atmospheric Environment Service, Government of Canada

see ZFMG

see SP

see WRC

Deutsche Forschungs- und Versuchsanstalt fiir Luft- und Raumfahrt.,
Stuttgart, Germany

Deutsch Wetterdienst: German Weather Office, see MOH

Kipp & Zonen

Desert Sands Environmental Testing Laboratory, New River,Arizona, USA
The Eppley Radiation Laboratories, Rhode Island, USA. (included here
because it participated as a testing laboratory)

MOH |

Kipp & Zonen, Delft, Netherlands. (included heré because it participated as
a testing laboratory)

Koninklijk Nederlands Meteorologisch Instituut, see RNMI
Meteorologisches Observatorium Hamburg; DWD (Meteorogical Observatory
at Hamburg, now located in Potsdam)

National Atmospheric Radiation Centre of AES

see SMHI _ _

National Renewable Energy Laboratory, Golden, Colorado, USA

Royal Netherlands Meteorological Institute, de Bilt. (KNMI)

Solar Energy Research Institute, now NREL

Statens Provningsanstalt, Boras, Sweden. ( National Testing Institute)

Solar Research Facility, National Oceanic and Atmospheric Agency,

. Boulder, Colorado, USA

Swedish Meteorological and Hydrological Institute, Norrkoping
Technical Physics Office of the National Technology Institute, Delft,
Netherlands.

see NARC

see ZFMG

World Radiation Centre, Davos, Switzerland

Zentralanstalt fiir Meteorology und Geodynamik, Vienna, Austria




Abbreviation
CM5
CM10

CSIRO

Eko
“Eppley”
| ¥PO7
“Kipp”
“Middleton”

MS-42

MS-801

NIP

pPsp

PT

“Schenk”
Star
§5-25

“Swissteco”

Abbreviation

ASM
CSM
SDGM
rms
WRR

Pyranometer

Kipp & Zonen CM 5, black two-dome instrument, identical to CM 6 except
for sun-shield for body

Kipp & Zonen CM 10, black two-dome instrument, identical to CM 11
except for sun-shield for body

see PT

see MS-42

see PSP

Middleton EP 07, black two-dome instrument.

see CM5, CM10

see EPO7

Eko black and White instrument (single dome)

Eko, Prototype pyranometer, not generally tested in this study
Normal Incidence Pyrheliometer

Eppley “Precision spectral pyranometer”, black two-dome instrument.
Proctor- Trickett developmental black pyranometer lent by

Dr David Proctor of CSIRO, Australia. |

see Star ‘

Schenk Star black and white one-dome pyranometer

Swissteco 55-25

see $5-25

Miscellaneous

Alternating shade method of pyranometer calibration
Component summation method of calibration
Simultaneous diffuse and global method of calibration
Root mean square

World Radiometric Reference (maintained at Davos by WRC)
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Definition

coefficient in regression of Z
coefficient in regression of Z
coefficient in regression of Z

coefficient in expression of heat balance
coefficient in expression of heat balance

coefficient in expression of heat balance

Calibration factor— reciprocal of responsivity

Calibration factors for global radiation at solar
elevation 35® and for diffuse radiation.

Diffuse imadiance

range of variation of cosine emor with azimuth

Iradiance
Downward long-wave iradiance

Spectral iradiance

Corrections to standard responsivity K, for :
—for the direction of incident radiation

~-for the temperature of the pyranometer

—for instrument tilt and non-linearity

—for wavelength of incident light

Global radiation

absorbed power per unit area of receiver surface

solar elevation
Direct beam norma! incidence iradiance

A heat conductivity factor in a pyranometer
Disfribution of radiance

Signal during a laboratory test of directionality

Unit

Wi

Whm?K™?

Wm?K™!
WmK™
Wm K™+

Wm2my
W imp !

WnrtK!
W s
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Section Equ’'n

1.5 1.5
1.5 1.5
1.5 1.5
2.3 2.6
2.3 2.6
2.3 2.6
4.2.1
421 4.11
42.1 4.11
411 4.7
1.2 1.1
6.1
7.2 7.8
1.5
1.5 1.3
1.5 1.3
1.5 1.3
1.5 1.3
4_1.2.2 4,14
2.3 2.5
421 411
421 411
2.3 2.4
7.2 7.9
-4,1.1 4.3
continued..




~continued

Symbol

1 v
&

x

(=]

My ok o wy

9]

-k
v
Qm\_/

2

i L 1~
v »
4

B~ N N
S 80 .
X

=5

SINTO RIS
X

Definition
leng-wave effective irradiance

errorferm =}— F;(x) , where x is any of
the standard input variables

coefficient of thermoelectric potential
coefficient of thermoelectric potential

Responsivity of a pyranometer

Responsivity at defined condifions
Responsivity, a single (constant value).

Respensivity for beam radiation from

a specified direction

Responsivity of a pyranometer measuring diffuse
radiation and.global radiation

Responsivity of a pyrheliometer

Direction of radiation
Symbol for a radiance distribution

fime, small increment in time

Temperature

A standard temperature

Ambient temperature, instrument temperature
Pyrgeometer temperature

Rate of change of temperature

Temperature above a standard temperature
Temperature across a thermopile

Output voltage (from a pyranometer)

Percentage of total signal change achieved tseconds
after an imadiance change :

Output voltage from a pyranometer measuring diffuse
radiation, global radiation

Output voliage from a pyrheliometer

Output voltage with no iradiance
Zero-offsetimadiance Z =V, /R

WK™
WEK?

MWWt

Wt
WW'mt
W

WWini
WwW'm

yi4
yn4
M
Wm™

Section Equ'n

1.5,6.1
7.3

24
2.4

1.4

1.5
1.2
4.1

4.2.2
4.2.2

1.5
7.2

6.1

1.5
2.3
6.1
6.1
1.5
2.3
2.3

1.2

5.2
4.2.2

4.2.2
14
14

14
7.11

2.8
2.9

1.2

1.3
11
4.1

4.13
4.13

1.3
7.9

1.3
2.1

1.3
2.1
2.1
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Definition

Tilt of a pyranometer, nomal horizontal is 2 =0

Equivalent out-of-level angle from variation of responsivity
with azimuth

difference between resulfs from two laboratories

maximum difference between resuits from two
laboratories of the 1000 walf absolute emor.

directional efror, cosine error

azimuth averaged cosine error

absolute directional emor with imadiance &

1000 watt absolute directioal error

azimuth-averaged O ,(9, ¢)

difference between values from two laboratories of the
azimuth-averaged 1000 watt absolute emor

cosine response for global radiation. {responsivity compared
with responsivity at solar altitude, h=35, for global radiation.)

as above for direct beam radiation

Thermoelectric potential
azimuth of radiafion on a pyranometer

wavelength
indicating a spectrum

incidence angle of radiation on a pyranometer

solar zenith distance (same as above if the pyranometer is
in the usual horizontal orientation).

Stefan's constant { 5.6697 102 )
Standard deviation

fractional inear temperature coefficient of responsivity
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4.1.1 4.4
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Foreword: Subtask 9C and this report

IEA SHCP Subtask 9C -Pyranometry was initiated because work in IEA SHCP Task3
-Performance Testing of Solar Collectors had shown that the quality of radiation

measurements was generally inadequate for testing solar collectors.

The plan for Subtask 9C was to demonstrate the use of characterisation to improve
measurements made with pyranometers. The central problem is the unwanted response
of pyranometers to factors other than irradiance. In the context of this report, therefore,
the word characterise means to determine the quantitative effect of these factors on the
output voltage from the pyranometer.

The methodology of Subtask 9C relies heavily on comparing calibrations and
measurements of characteristics made on the same group of pyranometers by many
radiation laboratories, including those of five national radiation centres. Discrepancies
between instruments and laboratories are analysed to indicate the nature of
uncertainties in the measurement of radiation. A similar approach had been used in the
earlier Task 3 project “Results of an Outdoor and Iﬁdoor Pyranometer Comparison,”
reported in 1984.

Chapter 1 describes the background to the work and also introduces the transfer
function, which assimilates the results of characterisation measurements. The physical
origins of the unwanted pyranometer responses are examined in Chapter 2, which
completes the introductory material. The activities of the main participants are
described in Chapter 3. '

Characterisation methods and their accuraty are addressed in Chapters 4, 5 & 6. These
comprise more than half of the main report. Additional information, particularly on the

influence of the direction of the radiation, is given in four appendices.

The transfer function is revisited in Chapter 7, which includes a formal derivation and a

simple example of using the transfer function to evaluate measurement uncertainty.
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Calibration results are compared and analysed in Chapter 8. These include 150
comparisons of results from established calibration routines and 33 comparisons of
benchmark calibrations that were specifically designed for this study.

Different ways of measuring irradiance with pyranometers are listed in Chapter 9,
together with potential accuracies. This may be useful to those who have to make the
best choice of equipment subject to limited resources.

Chapter 10 identifies what has, and has not, been achieved with regard to
characterisation, calibration and the original objective

The Bibliography at the end of the report lists several IEA SHCP documents from Task 3
and Task 9 that are related to this study. '




Chapter 1. Introduction

1.1 Background, thermoelectric pyranometers

Pyranometers are instruments designed to measure solar radiation in the atmosphere, Their
most common application is to measure the downward solar irradiance (global radiation} for
which they are mounted in the standard horizontal orientation. Pyranometers are often
inverted so as to measure the upward horizontal irradiance which is the solar radiation
reflected by the ground. Solar energy applications of pyranometry include these as well as
measurements that require the instrument to be tilted so as to study the efficiency of tilted
flat plate collectors. Another application in solar energy is the measurement of radiation
from solar simulators. These applications are all limited, in some aspects, by the |

uncertainty of pyranometer measurements.

Thermoelectric pyranometers are generally more accurate than the other main class which is
photoelectric and are the subject of this report. In thermoelectric pyranometers the
measurement is based on the rise in temperature of a some black-painted surface that is
exposed to the radiation. The output signal is a veltage generated by a thermopile from the
temperature difference between this black surface and some other part of the instrument
that is either not exposed to the sun or is a similar surface painted white so as not to absorb
radiation from the sun. The latter arrangement results in a black-and-white pyranometer;
the surfaces are usually divided into several segments and interspersed. The others are
called black pyranometers. Both types are equipped with at least one transparent dome so
as to isolate the black surface from the effects of the local environment, especially the wind.

This report focuses on two black-and-white and five black pyranometer models.

1.2 Response function, characterisation and measurement uncertainty
The title The Improved Measurement of Solar Irradiance by Detailed Characterisation of

Pyranometers implies that the simple function

V=R.E (1.1
output [pV] = responsivity [pV-W'm?]. irradiance [Wm™]

with a constant value (R ;) for the responsivity, does not describe the response of

pyranometers to the required accuracy. An accuracy of 20 Wm™ (2c), equivalent to being




95% confident that a measured value is within +20 Wm™ of the true value, is widely
considered to be adequate for testing collectors and exceeds that which has been generally
achievable to date. This task group therefore adopted a value of 20 Wm™ (20) as its target
and shows that this is achievable in some limited circumstances.

A response function of a pyranometer is an expression of its output signal in terms of the
radiation to which it is exposed and of any other factors that affect the signal.

Clearly Equation 1.1 is a response function. It is very simple and it states that the signal is
proportional to the irradiance which is what a pyranometer is intended to measure. It also
implies, by the absence of any other variables, that the signal depends on the irradiance
alone. Equation 1.1 therefore represents the behaviour of an ideal pyranometer. In order to
compute the irradiance from the signal of such an instmnient,' one would merely divide the
signal by the responsivity.

Irradiance measurements are almost invariably computed by dividing pyranometer signals
by constant responsivities. This can generate significant errors because Equation 1.1 does
not, as already stated, accurately represent the signals from real pyranometers. With some
pyranometers now in use these errors can be as large as 50 Wm™?, or 5% of the maximum

irradiance.

The essential work of Subtask 9C has been to investigate the development of response
functions which more accurately represent pyranometer signals and the extent to which
measurement uncertainty can be quantified and, more importantly, reduced by using these.

A response function characterises a pyranometer in the sense that it describes the behaviour
of the instrument. However, in the context of this report, characterisation more often means
the investigation and measurement of the effects different factors have on the output signal.

In this sense, the response function is built on the results of characterisation experiments.

It is important to note at this early stage that even a complete characterisation and a
corresponding absolutely accurate response function will not eliminate error unless the
conditions under which the measurements are taken are completely specified. In practice,
when the best available response function is used, the remaining overall uncertainty
includes contributions from both the uncertainty in the response function and also the input
variables to the function. These components will be called the "Characterisation




Uncertainty" which comes from not knowing the properties of the insttument and the
"Specification Uncertainty” which comes from not knowing the conditions in which the
instrument is used. The latter is often the dominant component.

1.3 Work plan

The work was based on a multi-laboratory study of the response function and its inversion
to derive irradiance from the pyranometer signal. It depended upon the ability to measure
key influences on the response of pyranometers (i.e., in order of importance: directionality;
temperature; tilt; linearity; colour, etc.) and on inter-laboratory comparisons of Benchmark

Calibrations made under field and laboratory conditions.

As work progressed a number of considerations necessitated departures from the original

plan.

¢ Preliminary results showed that there were greater discrepancies in the response
functions than had been expected (not only between those obtained under field and
laboratory conditions, but also within each category) and, as a consequence of this, the
group assigned priority to evaluating the errors in pyranometer characterisation.

¢ Although the errors that derive from the inversion of the response function did not
receive the attention that they deserve, the modelling exercises, reported in 7.3, form a
sound basis for further work. IEA-SHCP-9F-5 -Improvement of Pyranometer Data by
Cosine Error Corrections (1994) is a good example.

e The exchange of pyranometers between institutes was limited by logistic considerations
so that whilst adequate it was less than optimal and the inter-laboratory comparison was
not therefore as comprehensive as intended.

.« Although the report shows that there has been a substantial improvement in calibration
uniformity since the late 1970s, the intention was to have a clearer demonstration of the
standards now achievable by having leading research groups test the methods developed
here. This is scheduled in further task studies and is beyond the current scope.

e _The problem of instrumental ageing was not subject to a dedicated experiment as
planned and is also scheduled for future programs.




1.4 The form of the response function

Derivations with more detail are given later. In particular, Chapter 7 covers the general
definition, Chapter 6 deals with the offset more thoroughly and details of the description are
given in Chapter 4. Equation 1.1 does not accommodate the following aspects of the

behaviour of real pyranometers:

1. There is an offset between the zero of the signal and the zero of the irradiance such
that in the absence of radiation there is a signal output (V,) which is known as the
dark signal. A definite radiation input (—Z) is therefore needed to generate a zero
output signal.

2.  The output is influenced by the pyranometer's environment (i.e., temperature,
long-wave radiation, wind, etc.) and by the nature of the radiation (i.e., direction,
wavelength, etc.).

3.  Even when all other factors are held constant, the relationship between the output
signal and the input irradiance is not usually linear as indicated by Equation 1.1.

The zero offset is accommodated by writing either:

V = RE+V, [1.2a)
or:

V = R-(E+Z) [1.2b]
which are equivalent and in which

V, = R-Z [1.2¢]

The dependence on other variables (2) and the non-linearity (3) are also accommodated by
Equation 1.2 if the responsivity R is regarded as a function of those variables and of the
irradiance. In effect, the equation defines both the responsivity and the zero offset and both

are functions of several variables.

In this work there are about eight variables which have been identified as influencing R or
Z . Fortunately their effects are largely independent and this allows R to be expressed as a
product of a number of simple functions and Z as the sum of a few terms. The separation

will be given in the next paragraph after listing the variables.




1.5 The independent (input) variables
The following influences on the responsivity have been identified in this work:

sor@ and ¢ which describe the direction of the radiation

T temperature of the instrument

B tilt of the instrument

E frradiance (which allows non-linearity to be specified)
A wavelength of the radiation.

In addition, effects on the offset by the following have been measured:

P net thermal radiation (defined in Chapter 6)
T rate of change in ambient temperature
also the ventilation imposed on the pyranometer (i.e., whether or

not the instrument is mounted in a ventilated housing)

The following separation has been found to be sufficiently accurate:

R(T.AE) = ReFfSF(T)-Ex(AE) -F, (3 1.3

where R, is the responsivity under a specific standard set of conditions, and the remaining
terms in the product are correction factors expressing the requisite modification to R,
because the specific conditions differ from standard. ‘The correction factors equal unity
when the variables represent standard conditions and approximate unity (i.e. between 0.9 .
and 1.]1) in most other cases. Substitution of Equation 1.3 into Equation 1.2 gives

V = R-Fs)-E(T) Fg(B.E)-F,(A)-[E+ Z (P,T,ventilation)]  [14]

which is the general form of the response functions used in this report. Further, the offset

has been parameterised by:

Z(P,Tventy = A+ B-P+C-T [1.5]

where 4, B and C are constants for given ventilation.




1.6 Uncertainties of characterisation and specification

Figure 1.6 shows a hypothetical characterisation of responsivity versus temperature — the
two curves being R(T ) * AR where AR is the uncertainty in the measured responsivity
R(T ) The temperature range of the characterisation and potential use of the pyranometer
is Tw< T < Tyigr . When the instrument is in use, the irradiance £ is derived from the
signal V accordingto ¥V — V,= R-E and clearly the signal, the dark signal V', and the
responsivity all have uncertainties that affect irradiance measurements. However, in most
circumstances the error in the signal measurement (voltage) is negligible and, in what
follows in this section, the uncertainty in the dark signal will be disregarded.

The uncertainty in responsivity has two componeﬁts: AR caused by imperfect
characterisation and AT-dR/dT which may arise because the temperature is known only
with arange +AZ7. These two components can be called uncertainty of characterisation
and uncertainty of specification. There is no a priori reason for one to be larger or sraller
than the other. They are most likely independent and the equation in Figure 1.6 shows their

combined effect on the measurement uncertainty in this case.

Figure 1.6 also shows the uncertainty if the temperature were known only to the extent of
being within the operating range 7, < T < Ty, . It is represented by the full range of
plotted responsivity values. This would also be the range or error that would be in effect
without characterisation. Thus the figure shows the overall improvement from using

temperature characterisation.

Similar considerations apply for the other input variables, although the specification
uncertainties for instrument tilt and linearity are negligible. For temperature it is advisable
to use the instrument temperature rather than the air temperature. In the special case of the
CM 10 at temperatures lower than -30°C, it is important to measure the instrument
temperature wifh an accuracy better than 1°C because the responsivity is very sensitive to

temperature.

Describing the directional properties of the incident radiation is itself a problem, one which
is addressed, and formally solved, in Chapter 7 by defining the variable s . However, the
information implicit in the definition is most unlikely to be available. In the absence of that
information, it is often assumed that diffuse radiation is isotropic. The radiance
distribution from the sky is then specified as just two scalar variables, the direct beam




radiation and the diffuse (isotropic) radiation. In any event, it is clear the uncertainty of

specification of directionality can be, and often is, a significant source of error.

Responsivity

If independent:
[AE/EP = [AR/R]? + [AT.(dR/T)]° .

SV
L R e +AT. R
pd ! dT
« AT Temperature
| | : ]
Tiow T Thigh

Figure 1.6: Hlustrating Uncertainties of Specification and Characterization.







Chapter 2. The Physical Origins Of Non-ldeal
Behaviour in Pyranometers

2.1 Introduction

Characterising the extraneous dependencies of the pyranometer output signal - which
should be a linear function of incident irradfance alone - and correcting measurements for
their effect, is the central subject of this report. If the causes of these unwanted
dependencies, or aberrations, can be understood it will facilitate the development of
characterisation techniques. Tile two together - understanding, and good

characterisation - are both essential if improved pyranometers are to be developed.

This section addresses the causes of the aberrations in terms of four processes which occur
in the pyranometer and which comprise a staged development of the output signal
generated from the incident radiation. There are gaps in our knowledge of pyranometer
behaviour and this account is of necessity incomplete but, to the writers' belief, there is no
other which offers a treatment of this wide range of aberrations. Those under consideration

are essentially as introduced in Chapter 1, namely:

s directionality

T temperature dependence

i) tilt dependence

E non-linearity
spectral dependence

zero-offset signal and its dependence on both long-wave radiation £, and
temperature change 7

signal delay i.e., the time lag between a change in irradiance and the

corresponding change in output voltage

where the symbols refer to the appropriate independent variables. The four processes

occurring on the pyranometer are:




1. transmission of the radiation through the dome(s)
II. absorption of the radiation (usuaily by black paint)

III. generation of the temperature difference between the hot and cold
junctions of the thermonpile

IV. generation of the output voltage by the thermopile.

These operate in a cause-and-effect progression in the sense that the input for each process
is the output from the preceding one. Thus, the output voltage occurs‘because of a
temperature difference across the thermopile which is caused by absorption of radiation
which has passed through the glass domes of the pyranometer. Also, the input to the first
process is the incident irradiance which is to be measured. Each process can contribute to
various aberrations and it is unlikely that those arising in one process will be cancelled by

opposite effects in another process.

The potential contributions of each process to the aberrations are indicated in Table 2.1.
From this it is evident that directional and spectral aberrations can be attributed uniquely to
processes I and II; Process III may contribute to all other listed aberrations; and Process IV
may contribute only to the temperature aberration and non-linearity. The nature of these
effects will be considered in the following sections where it is demonstrated that special
linkages exist between non-linearity and both temperature and tilt dependence,

Table 2.1
Process I 1. (K V.
Short Name / Aberration Radiation Radiation Temperature Electrical
Dependence On Transmission  Absorplion Divergence Conversion

Direction ' yes yes no no
Temperature no no yes yes
Tilt no no yes no
Non-Linearity no no yes yes
Spectral yes yes . no no
Offset no no yes no
Signal Delay no no yes no
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2.2 Processes | and II: the transmission of radiation through
pyranometer domes and its absorption by the receiver surface

The glass and paint used in pyranometers are essentially linear and instantaneous in their
responses Over the temperature range in which pyranometers operate, the glass
transmittance and paint absorbance do not change significantly. Therefore the first two
processes contribute to none of the listed aberrations except directionality and spectral

sensitivity.

Domes contribute to directionality because of their finite thickness which allows multiple
reflections to concentrate radiation in small, discrete areas for particular directions of the
incident beam. These concentrations are called caustics. They may fall on parts of the
receiver which are particularly sensitive and, for example, cause the slightly enhanced
response of the Eppley PSP near 70° incidence. Domeé with surface blemishes, or those

which are non-spherical, also cause directional aberrations.

Spectral aberrations arise pringipally because of the lack of transmission of some domes in
the near infrared and in the UV-B and because of reduced absorption by some black paints in
the near infrared. ‘

The incorrect orientation of the receiver surface can contribute seriously to directionality.
However, orientation in most pyranometers is carefully controlled in the manufacture, and
part of the routine characterisation should be to locate the radiometric axis of the

pyranometer and to mount the pyranometer according to this axis.

Similarly, directional aberration will arise if the surface is not planar. The black paint may
be less absorptive at high (near grazing) incidence than for normal incidence and this effect
is a departure from Lambertian absorption. It is unusual for the departure from the ideal to
be in the opposite direction (i.e., an increase in absorption). For example, the enhanced
responsivity of the Kipp and Zonen CM 11, at incidence angle greater than 80° is caused by
the optics of the domes rather than by the paint.

It is important to note that when a pyranometer is subject to very high temperature, or to

. high internal humidity for prolonged periods, the properties of the black paint can change. .
It may then look either dark grey or very dark green and there may be noticeable reflection
from the receiver at high incidence. The spectral and directional characteristics are then
changed as well as the responsivity.
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2.3 Process Ill: the generation of the temperature difference
across the thermopile

The temperature across the thermopile is determined by the energy balance of the black
surface. Energy is gained by the absorption of short-wave radiation and lost by emission of
thermal radiation, conduction of heat through the air within the domes, convection through
the air and by conduction through solid materials to 'the body of the pyranometer. In terms
of power per unit area H the balance can be expressed as:

absorbed power = exchange of thermal radiation )
(Hin Wm2) + conduction through the air (ii)

+ convection through the air {iii)

+ conduction through solid material (iv)

The terms in this equation are addressed using a simple model which allows a rough
estimmation of their contributions to non-linearity and to the dependencies of responsivity on
tilt and temperature, There are only two temperatures describing the pyranometer in the
model: the hot junctions of the thermopile and the receiver surface are at (1; +AT+6T )
while every other part of the instrument is at (T{) +AT) . T,=300K is a standard
temperature so that the ambient temperature is therefore (1; +AT ) and the temperature
difference across the thermopile is &7 .

i} The net loss of energy by thermal radiation per unit area is
o (T, + AT +6T)" - (T, + AT)*)

where ¢ is the Stefan-Boltzmann constant. Expanding this up te second order terms
in 67 and ATand using 7, =300 K ,aswellas 40T, =6.1, gives:

1 b’th al radiati oT-61 [1+£+—§J—vj Wm2 2
oss by therm ;‘a ation = . 100 200 T [2.1]

ii) Cénduction through the air to the domes has been estimated for the Eppley PSP by
Berdahl and Frohm (1982) as 12 Wm™°K'!. This value is used here to approximate air
conduction in all similar thermal pyranometers, Air conductivity is proportional to the
square root of absolute temperature. Including this temperature dependence gives:
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AT oT

o« ar2 (1AL OTY
loss by air conduction | 600 " 1200 Wm< [2.2]

iii} A square-law dependence of the convective heat transfer on temperature difference is

iv)

proposed. It should be noted that M.C. Anderson (1972) determined a 57"
dependence of the total heat transfer (conduction plus convection) from her
measurements on an MG pyranometer which is very similar to the CM-5. However her
formula gives large non-linearities which are not consistent with the CM-5
measurements in this work. Also there is no indication in pYranometer non-linearity
measurements of any sharp onset of convection at a critical Reynolds number such as
occurs with a large horizontal surface in free air. While the measurements do not rule
out a threshold at very low irradiance, they are consistent with the proposed square-
law dependence which is therefore adopted as a simple approximation suitable for the
consideration of pyranometer Iion-linearity. The square law is physically reasonable,
given laminar flow, in that it follows from the heat transfer being proportional to the
product of the temperature difference and the air velocity and from the air velocity
being proportional to the temperature difference. The following form is suggested:

loss by coﬁvec;tive transfer = 0.06- (5T )2 W2 [2.3]

The proportionality constant 0.06 has been chosen to fit the observed behaviour of the
CM-5 pyranometer in the usual horizontal orientation. Whether convection is
enhanced or decreased with increasing temperature is not known.

Convection is the only process which is dependent on gravity and which can account
for changes in responsivity with the tilt of the instrument. When the pyranometer is
horizontal the air moves up in the centre above the receiver and down near the domes
but when the instrument is tilted at ninety degrees, the air flows up in contact with the
hot receiver and down near the cool domes. This convective pattern involves more
flow over the hot surface and must be more effective at transporting the heat. As the
pyranometer is tilted, the convective transfer is therefore enhanced progressively and
we suggest that convective transfer is doubled at 90 degrees of tlt.

Conduction of heat through solid material is linear with temperature gradient. The
temperature dependence of the conductivity is disregarded because values for metals
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and semi-conductors are usually much smaller than 0.1% K. The following
expression can therefore be used:

loss by solid conduction = K-8T Wm=2 [2.4]

The conduction factor K depends on the construction of the pyranometer . In what
follows, two values K=32 (Case C) and K=182 (Case P) are considered. These values
roughly simulate the Kipp and Zonen CM-5 and Eppley PSP pyranometers to the extent
that the temperature difference across the thermopile is approximately 5K or 20K,
respectively, when the irradiance is 1000 Wm.

Expressing the above heat balance algebraically:

H=5T-61- [1+1%T6+%] + 8T 12'[1+%+1—§%) +006(6T)" +K-6T Win2
' [2.5]
Rearranging this yields:
H=(a+5AT)- 6T +c- (1) | | Wm?2  [2.6]
where

a=K+61+12 (=K+18)
b =0061+0020 = 0081
¢ =003+001+0.06 =010

-1
Equation 2.6 can be written as OT = (1 + é AT+ 351'] —I:I- Since the second and
a a a -

third terms in the bracket are much smaller than unity it follows that §7 = H/a is an
approximate solution for 67 and further that:

NG
5T=(§—J(1—- _Z ?] [2.7]

a a

is accurate to the first order in »AZ/a and cH/a2 . This expression identifies that, given
the assumptions described above, the temperature difference caused by the absorption of
radiation is not exactly linear and depends on the temperature of the instrument. The
contribution of the heat balance to the temperature coefficient of responsivity is —b/a.
Defining the non-linearity as the fractional difference between responsivity at 1000 Wm'®
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and at zero incident radiation gives —1000-c/a” for the non-linearity. Table 2.3 shows
these expressions evaluated specifically for the two cases.

It is well known that convection is the source of the tilt effect. The assumption made here,
that convection is pure quadratic in 47, leads to the conclusion that the tilt effect is
proportional to irradiance and therefore small when irradiance is low and is confirmed by
measurement. By making the assumption (see above) that convection is twice as effective
when the pyranometer is mounted on a vertical surface as that which occurs with the
conventional horizontal orientation, the tilt effect can be estimated by changing the factor
0.06 to 0.12 in Equatioﬂs 2.3 and 2.5 and deriving the right-hand column in Table 2.3.

Comment on these examples is made in Section 2.5 and the definitions of non-linearity and
tilt used in this chapter are shown in Figure 2.3

A Responsivity, R _ V(E) - V(0)

horizontal

R(E=0) i
non-linearity = x / R(E=0)
iilt = y / RE=0) ;
| — >
0 Wm -2 Irradiance, E 1000 Wrn-2

Figure 2.3 Showing the definitions of non-linearity and tilt as well as the linear dependence

of responsivity on irradiance predicted in the simple analysis used here.
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Table 2.3

THERMAL BALANCE § Temperafure- { Temperature Non-linearity | Tilt at 1000 W™
EFFECTS Rise at Coefficient of 1000 W.m" Vertical vs
1000 Wm™ Responsivity vs Zero Horizontal
Case P ~5 K 0.04% k! 0.25% 0.15%
Case C ~20 K 0.16% K 4.0% 2.4%

Before leaving Process III it should be idenﬁfied as the source both of zero-offsets and of
signal delay. Up to this point, the temperature difference across the thermopile has been
explained as the result of an energy balance. How quickly the balance is attained depends
primarily on the thermal mass of the receiver surface and to some extent on the thermal
mass and conductivities of the cold junctions of the thermopile. The latter usually have a
larger time constant. Chapter 5 includes specification of the signal delay. The zero-offset is
due to a temperature difference occurring across the thermopile when there is no incident
short-wave radiation. Chapter 6 shows that the main causes of zero-offset are changes in
ambient temperature and long-wave radiation.

2.4 Process IV: generation of the output voltage by the thermopile

The output from the thermopile is the final stage in the generation of the output signal from
the pyranometer. The behaviour of thermocouples has been well understood for more than
a century, their output being temperature dependent and not perfectly linear. Their output
is the difference in thermoelectric potential‘ ® at the two temperatures between the two

metals i.e.,

V = (T, +AT+5T)- (T, + AT) [2.8]
and, to the accuracy required here, @ can be expressed as a quadratic in 7— 7 with
coefficients p, ¢ in the second and third terms. Then:

V= p-(AT+6T)+q-(AT+3T) - p-AT—q-(AT) [2.9]
.2 .
V= p.5T(1+AT "—’+5§q] [2.10]
P
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in which the two expressions in parentheses show the contribution of the thermocouple to
temperature 'dependence and non-linearity. Specifically, the temperature coefficient of
responsivity is 2q/p and the non-linearity is (1 000/a)q/ p where a is defined in the
previous section (i.e., 200 Wm2K"! for P, 50 Wm2K"1 for C). .

The thermoelectric constants both for copper-constantan and manganin-constantan, the
materials often used for pyranometer thermopiles, are 'approximately 40 ].LV.K“1 for p, and
0.045 ;LV.K'2 for g¢. Using these values gives the following contributions (Table 2.4):

Table 2.4
Themopile Temperature Coefficient of Nonineari
Effects Responsivity 1000 W.m" Tilt
v§ Zero
Case P +0.225% k! +0.56% zero
Case C +0.225% K'* +2.25% zero

2.5 Discussion of the effects of processes'lll and IV
Table 2.5 shows the combined contributions from the thermopile and the thermal transfer

effects to the pyranometer aberrations. It's elements are formed by adding the
corresponding ones in Tables 2.3&2.4.
Table 2.5

Combined mode! {theoretical} effects of thermal balance
and thermocouple femperature

Temperature Non—Lineari%y Tittat )
Case Temp.Rise Coefficient of 1000 Wm" 1000 Wm'™
Respaonsivity Vs 2efo

P ~5K +0.18% K +0.31% 0.15%

c ~20K +0.06%K"! -1.75% 2.4%
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Case P was chosen to represent an Eppley PSP which has a 50-junction copper-constantan
thermopile and the relatively low temperature rise of 5K at 1000W m™. The predicted
overall non-linearity is +0.31% is very small and this is confirmed by measurements. The
same situation applies to the tilt effect, predicted at -0.15%. The predicted temperature
effect +0.18% K'! is unfortunately not easily validated because the PSP has an internal

temperature compensation thermistor.

Case C represents the Kipp CM-5 instrument with a 14-junction manganin-constantan
thermopile and a temperature rise of about 20K at 1000 Wm™ (Later model CM-5s have been
fitted with different thermopiles). The predicted values for non-linearity -1.75%

and tilt effect -2.4% are realistic. Measured values for the CM-5 are -2.0% for non-linearity
and -2.1% for tilt (see Chapter 5, MOH, Hamburg). Also the linear change of responsivity
with irradiance level, which is indicated from all the processes considered here, is generally
consistent with measurements of non-linearity on the CM-5 and other instruments.

Case C does not give the right value for the overall temperature coefficient. The predicted
value is +0.06% K while the measured value is about -0.12% K. Perhaps the air-
conductivity term should be increased due to air conduction happening at the back of the
thermopile through a thinner layer of air to the instrument body. If the term were indeed
three times larger, the predicted temperature coefficient would be negative and the tilt and
non-linearity corrections would not be greatly changed. However, there are other
possibilities, for example a temperature dependence in the solid conductivity which, a priori,
are equally possible.

The two cases illustrate that, when the pyranometer design provides enough thermal
conductivity between the hot and cold junctions to limit the temperature rise to less than
about 5K, the tilt effect and the non-linearity can be negligible.

Non-linearity and tilt dependence can be easily corrected through characterisation because
the signal level and tilt are inevitably known but it is much easier if there are no aberrations.
In at least one laboratory {NARC), the directional response of pyranometers was for many
years measured with the instruments mounted vertically and at significant power. It was
not realised that the results for some instruments, like the CM-5, should be corrected for
vertical rather than horizontal non-linearity. Once this requirement is understood, it is still
possible that the correction might be made improperly because it is complicated. Obviously,

it is preferable not to have to make such corrections.
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The CM-10 is interesting in that it has no tilt dependence but it does have a smal! and
positive temperature coefficient of responsivity. One can therefore see that the temperature

rise is not large but large enough to produce non-linearity in the special thermopile of the

CM-10. Itis also sensitive to temperature but there is a compensating circuit that masks the

nature of the temperature dependence.

2.6 Conclusions

@

(i)

(iii)

(iv)

(v)

The aberrations predicted from this simple examination of the physical processes are
similar to those commonly observed in pyranometers.

The thermoelectric effects are of opposite sigh to those of air conduction, convection
and thermal radiation.

Most of the observed dependence of responsivity on tilt and level of irradiance
(see §5.6) is well simulated by a simple approximation in which the heat transfer by

convection has square-law dependence on temperature difference.
If there is significant dependence on tilt, non-linearity will likely be present and will
itself also be dependent on tilt. This requires correction for tilt and non-linearity to be

expressed as F (ﬂ,E) rather than separately as Fﬂ(ﬂ) F (E), as in Chapter 1.

Pyranometers designed to have small temperature gradients across the thermopile can
show negligible non-linearity and negligible susceptibility to tilt.
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Chapter 3. Inventory of Participants’ Work and of Assistance From
Various Agencies

3.1 Introduction
Seven countries participated in Subtask 9C and in several of the countries more than one

agency was involved. This chapter attempts to list where different elements of the work
were undertaken and identify the contributions made by non-participating institutions,
including the loan of many pyranometers by the manufacturers.

3.2 Contributions From Participating Countries
3.2.1 Austria

The Zentralanstalt fiir Meteorlogie und Geodynamik was the Task participant undertaking a
large number of characterisation experiments both in the laboratory and in the field.
Laboratory experiments included measurement of the directionality and non-linearity and -
important experiments on the effects of changing ambient ternperature on pyranometers.

" Field calibrations were done on the main group of pyranometers. The Schenk company of

Vienna genercusly loaned three instruments for three years to the IEA for this Sub-Task.

3.2.2 Canada
The National Atmospheric Radiation Centre (NARC) at the Atmospheric Fnvironment Service

(AES) of Canada provided the Sub-Task leadership, including arranging for the movement of
pyranometers between laboratories. Field calibrations on the main group of instruments
were done on the roof of the AES building in Toronto. In addition, all the pyranometers
were calibrated at the beginning and at the end of the experiments (1984-1987) in the NARC
sphere. The three Benchmark Calibrations were also done on the main group and data on
temperature and directionality were supplied for the relevant chapters. Chapter 6, on offset
signal, was contributed by NARC. The writing of this report was co-ordinated and edited by
the AES.

3.2.3 Germany
The Deutscher Wetterdienst (DWD) of Hamburg was the German participating agency. Very

thorough characterisation of directionality, linearity and tilt susceptibility were made on the
main group of pyranometers at the Hamburg laboratory. In addition, some key experiments,
including that which demonstrated that linearity was absent for very low irradiances, were
done by the DWD. Chapter 4 on directionality was written by the DWD participant.
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3.2.4 Japan

The Eko Trading Company was the participating agency. The company also supplied five
pyranometers for the task and a variety of test results. The participant contributed
extensively to the organisation of the work and made an evaluation of measurement errors
resulting from pyranometer aberrations. To do this a radiation model was developed to
simulate the angular distribution of radiance in a variety of circumstances.

3.2.5 Netherlands

The Royal Netherlands Meteorological Institute (KNMI) was the leading participating agency.
A large amount of meticulous indoor characterisation, including directional response,
linearity, tilt, experiments on wavelength sensitivity and thermal shock as well as some

- outdoor calibration was done by the Technische Physische Dienst of Delft (TNO-TP). The
Kipp and Zonen company loaned several pyranometers of two types, performed laboratory
measurements of directionality, made the results available fo the Subtask and participated
in some of the meetings. As well as co-ordinating this multi-agency contribution, the KXNMI,
wrote the important Chapter 8 on the comparison of benchmark responsivities.

3.2.6 Sweden
Two Swedish agencies participated in the Task: the Statens Provningsanstalt (SP) at Boras

and the Swedish Meteorological and Hydrological Institute (SMHI) at Norrrkoping. The SP
primarily contributed to laboratory work, including an investigation of spectral sensitivity.
Field characterisation and determination of Benchmark calibration factors and the writing of
part of the chapter on directionality was done at SMHI. The extensive results on
directionality, linearity and temperature response generated by the SP for Task 3 were made .
available for Task 9.

3.2.7 USA
The Solar Energy Research Institute (SERI) at Golden, Colorado was the lead US agency and

co-ordinated the extensive contributions from three other institutions: the NOAA Solar
Radiation Facility, Boulder Colorado, the Eppley Laboratory, Newport, Rhode Island and the
Desert Sand Environmental Testing Laboratories (DSET), New River, Arizona. Eppley
provided three pyranometers for characterisation both in Task 3 and Task 9. All four US
agencies performed outdoor calibration in tilted and horizontal orientation and Benchmark
calibration factors were derived from this work and used in Chapter 7, Experiments on the
transient response of pyranometers to radiation were performed at two l_aborator_ies (DSET
and Eppley). The temperature coefficient of responsivity and the effects of changing
temperature were studied at three laboratories (SERI, NOAA, Eppley). Chapter 5 was
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written by the participant from SERI and the US contribution is summarised in the report
SERI/TR-215-2925.

3.3 Assistance and Informal Participation
An earlier project, Task 3 of the Solar Heating and Cooling Program, was led by the German

Kernforschungsanlage at Jiilich. The leader and several of the participants of this Task
participated informally and construcpively in a significant fraction of the work and the
discussions leading from it. In addition, all results from Task 3 were made available for
Task 9. ‘

The World Radiation Centre at Davos in Switzerland, which was a major participant in
Task 3 but not formally in Task 9, made a similarly valuable contribution to this Task.

Two helpful contributions were made from Australia, although Australia was not a
participant either in Task 3 or in Task 9. The Middleton Company loaned two production
pyranometers and Dr. David Proctor loaned a novel developmental pyranometer. All three
of these instruments were part of the main group, tested at several laboratories, Their
inclusion increased the number of types from five to seven allowing generic pyranometer

behaviour to be more easily identified.
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Chapter 4. The Dependence of Pyranometer Responsivities on the
Direction of the Incident Radiation

Directional response can be measured both in the laboratory and in the field.

Laboratory measurements are usually made by changing the orientation of a pyranometer
relative to a steady, unidirectional beam of radiation from a lamp. These measurements
generally have the advantage of reproducibility because the environment is controlled and
they can also be made at irradiance levels that are sufficiently low to exclude the effects of
non-linearity and tilt.

Field measurements are always the basis for the absolute calibration of pyranometers. The
methods involve measuring the direct beam radiation with a reference pyrheliometer while
exposing the pyranometer to the global radiation and may also involve shading the
pyranometer intermittently from the direct beam. These calibrations can constitute a
directional characterisation of the instrument if done at different solar elevations. Results
from field measurements are inevitably affected by changing atmospheric conditions and
the resulting variability may make assigning a calibration, or determining a directionally
factor, more difficult. It is usually necessary to take measurements over a wide range of
conditions and to make suitable averages. However, the variability over the ensemble is an
indicator of the accuracy of the measurement in realistic (outdoor) conditions.

Comparing field and laboratory results is necessary but problematic. Only one of the field
methods, the alternating shade method (ASM), can evaluate the directional response
immediately but it is extremely time consuming and cannot be done on many instruments.
The other field techniques expose the pyranometer to global radiation (diffuse and direct
beam) continuously. Some pyranometers exhibit tilt and non-linearity errors when exposed

to normal solar irradiance levels, which complicates the analysis.

Chapter 4 examines the laboratory techniques from several institutes and compares their
results. Two field experiments are also described and their results examined for
implications regarding measurement uncertainty. Data from both field experiments are
analysed to Yield responsivities to unidirectional radiation and are therefore suitable for

comparison with léboratory results.
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4.1 Laboratory measurements
‘ Section 4.1 examines the techniques for laboratory determination of directionality used by
six institutes. The results from characterising identical pyranometers at different
laboratories are analysed in detail.

4.1.1 Definitions and géneral remarks

a) The function R (9, ¢) describes the responsivity of a pyranometer when it is illuminated
by radiation from a single direction. The incidence angle @ is the angle between the
radiation direction and the pyranometer axis. The azimuth aligle @, in this report, is
referenced to the cable. Thus §=0 specifies normal incidence while §=90,¢ =0
specifies the direction of the cable. The ideal pyranometer would have a responsivity
independent of direction. The non-ideal directional behaviour is traditionally described
by the percentage departure (6, ¢) of the responsivity from its value at normal

incidence. Thus

560.4) - [%%_%-1}-100 [4.1]

It is related to the direction correcting factor, F,(s), provided the standard condition for
F,(s) is normal incidence, by :

56,9 = (F(9-1)100 T K2]

Because laboratory measurements of directionality are usually made by recording the
pyranometer signal M (9, ¢) different incidence directions using a beam of constant

intensity, an altermative expression is

5(6.¢) = [Eg—z(g;?m— ] -100 [4.3)

This shows that 5(6, ) is the relative deviation of M(#, ¢) / M, (9 = 0") from the
ideal cos@, which is the rationale for it being called the cosine error. It is usually
expressed as a percentage, which is done here, although it is given per mil (0.1%) in the
Tables 4.1.3.1b-n in Appendix AA,
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It can be useful to express directionality as the absolute error that would occur if
Tesponsivity variation were ignored and the normal incidence responsivity were used in
place of the correct value for the actual direction. This absolute error, §; in W™,
when measuring a beam of defined normal incidence intensity, L, is related to the

cosine error, in percent, by
5:(6.9) = 001.E(0=0°)-5(6,¢) cosé 4]

Generally, 8 5 (19, ¢) has the advantage that it varies much less rapidly with direction
than does 5(6’, ¢) . Setting E(O") =1000Wm™? is appropriate for solar energy
applications and this 1000#m™ absolute directionality error, 6,(9, ¢), as described in
IS0O9060, is related to the cosine error by '

3,(6,4) = 10-5(8,4) cosé [4.5]

Azimuth averaged versions 3(9) and 3,(9) of & (9, ¢) and &, (19, ¢) are convenient and
are used in the following analysis. These averages are usually based on measurement at
12 azimut_hs {30° increments). They are related similarly to [4.5) above by

3(6) = 10-5(6)-cosd [4.6)

The percentage range of variation of responsivity at various azimuth angles and at a

given incidence angle is represented in what follows by
DM(G) = 5(9, ¢1) - 5(9, ¢2) [4.71

where ¢hand ¢ are the azimuth angles at which maximum and minimum values of

responsivity occur at constant incidence angle §. Finally, an equivalent angle of tilt
ﬂ(ﬁ) is defined such that an ideal pyranometer misaligned by £ would give the same
D asis actually observed. These quantities are related by

A6) = 0285-cotand-D,,.(6) [4.8]

where § isin degrees and D,_,, is in percent.
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b) Pyranometers that show small cosine error in the laboratory usually have relatively small

c)

errors under field conditions. However, laboratory studies usually enable the physical
behaviour of the instruments to be determined more precisely than is possible in the
field because the influence of a number of unknown factors and variables present under

field conditions is avoided.

Each participating IEA institute and their facilities (indicated in parentheses) are used to
identify their results and data in later sections of the report.

The Statens Provningsanstalt (National Testing Institute) of Sweden, Boras, Sweden
(BORAS or BO). The institute installed a computer-controlled testing system
(goniometric turntables) primarily for work closely related to IEA Task 3.

Kipp & Zonen, Delft, Netherlands (DELFT or Ki). The optical laboratory was
established for the development and control of CM11 pyranometers.

Zentralanstalt fir Meteorologie und Geodynamik (Central institution for Meteorology
and Geodynamics), Vienna, Austria (VIENNA or Vi). The test laboratory of this
institution was established to control the production of Schenk Star pyranometers.

Meteorologisches Observatorium Hamburg (Meteorological Observatory Hamburg)
of Deutscher Wetterdienst (German Weather Service), Hamburg, FRG (HAMBURG or
HA). The test laboratory was established to control the quality of pyranometers used
in climatological networks and was improved for the IFA test activities.

The Physical Meteorologicél Observatory Davos, Davos, Switzeriand (DAVOS or DA).

' The observatory is the WMO World Radiation Centre. A laboratory test device with a

computer controlled goniometer was installed for co-operative workin the IEA Task 3
pyranometer testing programme. This observatory did not participate in IEA Task 9
activities. '

The National Atmospheric Radiation Centre (NARC), Canadian Atmospheric
Environment Service, Downsview, Canada (TORONTO or TQO). The apparatus used
for this work was constructed in the early 1970s by J.R. Latimer for the evaluation of
instruments (Eppley model 2, PSP, Kipp CM2, CM6) being installed in the Canadian
network. The measurement sequence adopted for these JEA measurements (Table
4.1.2a) was slightly different from the Latimer sequence and provides for better
checks against stray light and zero signal drifts. The NARC technique retains a
number of other limitations, for example, the homogeneity and divergence of the
beam are not adequately controlled.

d) The following subchapters compile and compare results obtained in an inter-laboratory

test comparison in which selected pyranometers were circulated between sites. The

deviations are discussed with regard to specific differences in the protocol and are
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compiled in tabular form; conclusions are drawn concerning the status of the laboratory

test techniques; and improved protocols are recommended.

4.1.2 Survey of the applied test procedures and apparatus
The principal methods used for indoor testing by the six laboratories are compiled in

Table 4.1.2a and may be helpful for explaining potential discrepancies. One laboratory uses
a polar orbiting lamp to adjust the angle of incidence, the remainder are equipped with
goniometric tables to turn the pyranometer in the stationary beam of a fixed lamp. Five of
the laboratories measure the azimuthal response directly by variation of the azimuth angle
at fixed incidence angles.

One laboratory measures the zero-offset by shading for each angle. The others take fewer
zero readings. The reading time varies between 30 seconds and 2 minutes and, in one case,
it is defined in real time by a criterion based on the rate of change of the measurements.

Experimental design factors that may influence accuracy are specified for the six
laboratories in Table 4.1.2b. The lamps and filters that are used have three types of spectral
distributions:

1. typical tungsten iamp spectrum limited by a filter to approximately the visible
wavelengths

2. total tungsten or xenon spectrum with a condenser lens

3. tungsten lamp used without an optical condenser with the pyranometer deployed in
the horizontal (not vertical) position.

Normal incident irradiances are relatively low, in the range 50-250 Wm™ , with the exception
of two laboratories which have tested with normal incident irradiances of 500 Wm™ or
more. The high radiant fluxes are obtained with the pyranometer as close as 25 ¢m from
the condenser of the lamp, while in the other cases the distance is 1 m or more. Low values
are preferred to avoid interferences or confusion with non-linearity effects. Beam
divergences are in the range 0.5-3.0°. The inhomogeneities of the beam irradiance are
specified for receiver surfaces of different diameters (one laboratory has an extremely high
value of 10% within a circle of 70 mm diameter).
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The white sun screen of the pyranometer is replaced by a black screen to avoid disturbing
reflections at one laboratory. The pyranometers are ventilated in two cases to minimise
potential thermal offsets.

Many procedures are used to find the correct position of &= 0° In one case the final

adjustment is obtained by the mathematical treatment of the data assuming an ideal
symmetry for the values at incidence angles of +70°.

The number of axes for the goniometric movement of the pyranometers varies between
1 (for azimuth angles) and 3 (inclusive tilt variation) and the accuracy of angle readings is
generally +0.1° («1° in the case of the polar orbiting lamp).

The resolution of the data acquisition systems used at different laboratories varies between.
10 nV and 1.0 pV.
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Table 4.1.2a Compilation of important items of the
test methods of participating laboratories

ltem Boras Delft Vienna Hamburg Davos Toronto
; goniomelric as for Bords rotation of as for Bards as for Bords single goniometric
Adjustment rotation of lamp in polar but with 3 rolation of the
of the Angles pyrancmeter, orbit; rotation tumtables pyranometer
of Incidence 2 tumtables of pyranometer about a veriical
and Azimuth in azimuthal axis
orbit
Measured as vanation of directly, at fixed as for Delft as for Delft as for Delft as for Boras but
! cosine erforinG | angles of but combined with only in3
Azimuthal - azimuthal planes | incidence ilt angle variations | azimuthat
Response {comb. planes
measurements}
Zero Offset zero reading as for Bords but only DVM — as for Bords with 2 sequence of | 1 zero reading
after shading hefore and after zero automalic | for cosine 154 readings: 9 after lamp shading
Measurement (| each angle for | an azimuth run: respanse addiicnal zero within the 20
Protocol caleulation use of the mean readings for readings for 1
of measure- zero value for mv calculation of mV azimuth plane
ment values calcutation
Reading 30-60s 1 min (incidence atleast30s 2 min (angle given by acriterion | 2 minules
dependent angle): 30s and after the of incidence) of stabilised signal:
Time on type of {azimuth 10V digitis | 30's {azimuth | the first and last
pyranometer variation) stable variation) readings of the 5
samples within 15
must be within 4%
of the mean signal
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Table 4.1.2b Compilation of important items of the test equipment

of participating laboratories
Item Boras Delft Vienna Hamburg Davos Toronto
spectral type fungsten-habgen xenon-high tungsten xenon-high pressure xenon-high . quartz-
R fiker 5800 nm pressure pressure halbgen
optics condenser condenser, flat & — quartz condenser  |condenser, beam no
Source concave mimors spitter, nevtral fiker
movement no no 2enith o no no na
angle (error) —_ — izon <12 — — —
normal incident 2 2 3
iadiance 50 W 250 Wi 85 Wi’ 180 W2 S00-1000Wm2 | 700 Win'2
(instabiity) (= 0.1%) {2 0.2%) (<0.5%) {£0.2%) {<1%) {<0.2%)
Beam divergence 1.9° 05° - 0w 26
ot recelver inhomogeneity 0,1% within 2% within 1% within 0.5% within 10% within not
s o mmd 40mm ¢ 70mm ¢ 25mm ¢ 0 mm ¢ measured
polerisation <5% <1%?
stray light 3 diaphragms black waks 3 3 disphragms , black 3
efmination (2000 meas.) (zero) diaphragms | wells (zero reading) diaphregms
distance to source 08m 2m im Sm 0.25m 06m
condenser
pyran, it 907 (vertical 90° (vertical)  § O° (horizontal) 90° {vertical) 907 (or other tits) | 90° (vertical)
pyren. sun screen used used bleck screen used used not used
pyran. vent - - - from top from top -
Y nometer adustment fo relbeted beam & phatometric spinit reflector cap over spirit level + 90°
Mount  [52 9 rormal || mathematical ot =0 vl |receiver machine blbck
incidence) treatment at +70°
goniometric table: (|1, vertical diameter asforBords  |1. normalic 1, vertical asin Boras and 1. vertical
ds of tumtables of RS “centreof RS | diameflerof RS |3, horizontal diameter of RS
2. normal to centre (for azimuth {2, normalto diameter of RS
of RS adiustments) | centre of RS (it adjust.}
angle (aior) £0.1° +0.1° <f° #0.1° <.
DVM resolstion 100V 1000 nv 1000 nv 1000V 1000 nv

Abbreviations: RS = receiver surface; Cond. = condenser; Pyran. = pyranometer; Vent = ventifation
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Table 4.1.3.1a Round robin pyranometers for which indoor directional response
was tested by different laboratories (indicated by site)

Pyranometers Sites Ref. Tables & Figures
413107

Make Type Serial No. || Bords | Delft | Vienna | Hamburg { Davos | Totonto || Thls Figures
EPP PSP 20523 X X X b c h I
EPP PSP 20524 X X X c [ h 1
EPP PSP 18135 X
EPP PSP 17750 X X X X X m c h i
K&Z CMD 773992 X X X X X k b g k
K&Z CMS 785047 X X X X h b g k
K&Z CMb 74120 X X X
K&Z CM5 773656 X X X X d b q k
K&Z CM10 810120 X X X X | a i i
K&z CM10 10122 X X
K&Z CM10 810119 X X X X X n a f i
K&z CM10 810121 X X X b a f ]
SCH Star 1626 X X X
SCH Star 2186 X X
SCH Star 2209 X X X e e i m
SCH Sar 217 X X
EKO MS42 81901 X X X
EKO MS42 81907 X X
EKO MS42 81908 X X X f d i m
EKO | MS42 81909 X X
SWT | 8525 13 X X
SWT | 8825 114 X X A g d i m
MID EPO7 123 X X i e i m
MID EPO7 124
CSR PT 115 X
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4.1.3 Comparison of test results on directional response of pyranometers

Results on thirteen pyranometers each tested by three or more laboratories have been
intercompared. Table 4.1.3.1a indicates where each pyranometer was tested, which of the
Tables 4.1.3.1b-n, in Appendix AA that contains the comprehensive data from the tests
made on it and the figures at the end of §4.1.4 in which its characteristics are plotted.

4.1.3.1 Presentation of test results

The basic data are indoor measurements of & (9, ¢) defined by Equation 4.1. The data were
excerpted from the individual laboratories' final reports or from the IEA Task 3 Report
Results of an Outdoor and Indoor Pyranometer Comparison (1984) and the IEA Task 9
Symposium Proceedings Recent Advances in Pyranometry (Norrkoping, January 1984).. The
Davos' values in the tables are interpolated relative to the angle of incidence and represent
only a small part of the data. The Toronto values are taken from an internal NARC report.

1. The values for & (9, ¢) are presented in Tables 4.1.3.1b-n, in Appendix AA, where each
table contains the results for one pyranometer. The azimuth is in 30° increments; the
principal #- values are 20°, 40°, 60°, 70° and 80°. Azimuth-averaged results 5(9) and
51(9) are given for each incidence angle as are values for the maximum azimuthal

. variation. Dmx(ﬁ) and the corresponding inclination angle ﬂ(ﬁ) (Equations 4.7&8). The
prefix A isused to indicate inter-laboratory differences in results. The differences AS
between the corresponding & —values of laboratory XY and a reference laboratory
(usually Boras)

A5(6,4) =05(6,4,XY) - 5(6,4,REF) or AS
AS(6) 5(6,XY) - 5(8,REF)  or AS
A6 (6) 5,(6,XY) - 6,(8,REF) or AS,

6(XY) - §(REF)  [4.92]
&(XY) - 6(REF)  [4.9b]
3, (x7) - 5,(REF) 14.9d

are also listed in the tables. Another quantity indicative of reproducibility between
laboratories is the maximum A difference in 5,(6,4) to be found at a given incidence
angle, defined by

A, (0)=465,(6,4,)2A6,(6,4) forallg [4.10]
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The main intention here is to investigate the inter-laboratory differences to determine the
most reliable test methods. The comparison is based mainly on the following three

quantities
1. the azimuth averaged 1000 W absolute error d; (6)
2. Amx(ﬁ) according to Equation 4.10, mostly for 8 > 60°, and

3. £ the out-of-level angle corresponding to the azimuth variation, according to
Equations 4.7&8.

The agreement of the directional test results for two Jaboratories is considered good if their
differences A—S(B) are within the range that can be calculated from the essential limits of
experimental accuracy — an irradiance instability in the lamp of +0.2% and an incidence

angle inaccuracy of £0.1° — given in Table 4.1.3.2a.

Table 4.1.3.2a

e | 30° 40° 50° 60° 7O 80°

Ad(F)+% |03 035 04 05 07 12
AS()+Wm® |26 29 26 25 23 21

The corresponding absolute error AS, (9) ‘approximates to £2.5 Wm™ for all incidence
angles and is therefore a practical measure of consistency. Two laboratories subject to the
same essential limits should produce results that agree within this range. Based on this
and in order to simplify the comparison, three classes of agreement between laboratories

have been defined
good agreement (absolute deviations IAg} (9) | <2.5Wm™=forall &),
moderately good agreement (when, for all &, IAE: | <5 Wm™)and,

moderate agreement (when, for all &, IAE', | <10 Wm™).

Because the largest number of Task 9 pyranometers were tested in the BORAS series, these
results are generally used as the reference for AS and A8, The results available from

35




DAVOS and TORONTO have poorer azimuth resolution than the others which limits the

scope of the comparison..

Appendix AA contains summary paragraphs on the results from each of the thirteen
pyranometers and similar summaries for each of the seven types of pyranometer. The
detailed results of the comparison can be read in these paragraphs.

The results are presented graphically as follows

Figures 4.1.3.1a-e; values of 3:(6) for groups of pyranometers

Figures 4.1.3.1f-i; the differences AE;(B) between laboratories
Figures 4.1.3.1j-m; Amx(ﬂ) between laboratories as defined by Equation 4.10

It will be noted that, while good agreement is evident in several cases, nearly all the plots
require a range of 40 Wm™ or more which indicates poor procedures in other cases.

Table 4.1.3.2 shows the largest inter-laboratory (BO-XY) differences A__ (9) in
measurements of the 1000 W2 absolute directionality ervor 5,(6, §) on the thirteen
pyranometers that were tested. In a few cases Hamburg data were the reference. The extent
of the agreement to the reference values is indicated by the three defined classes.

36



Toronte and Davos laboratories with reference values from Boras

Table 4.1.3.2 Results of the comparisbn of IAE} (9)| values of the Delft, Hamburg, Vienna,

Fyranometer Laboratory
Type & No. Delft Hamburg Vienna Toronto Daves
CM10#810121 good agreement —_ - — —
CM10#810120 good agreement good agreement — - 1.0Wm2 {11.0)
CM10#810119 good agreement good agreement | 260 Wm'2 [20.0) — -
CM5 #773656 good agreement - — 17.0Wm(17.0) -
CM5 #785047 - 13.0Wm2 (95) - 18.0Wm™(18.0) 70Wm? (15.0)
CM5 #773942 — 85wWm? (0.5) 170Wm2(13.0) | 160Wm2 (150) | 69Wm2{100)
moder. agreement . moder. agreement
34Wm2(3.0)
PSP #20524F3 moderately good - — - -
agreement
PSP #20523F3 — 6.8Wm? (50) - - -
moder. agreement
PSP #17750F3 - 200Wm2 (17.0) | 230Wm? (210" | goodagreement* -
Schenk Star 32Wm?2 (2.0)
#2209 moderately good - - - —
agreement
Eko MS42 B2Wm? (8.0) - - - -
#31908 moder.. agreement
Swi. 5525#114 18.0 Wm2 (10.0) — - — -
Mid. EPQ7 #123 7.4Wm?2 (0.0
- — moder.. agreement - -

The degree of consistency between laboratories is indicated by "good agreement”, "moderately

good agreement” and "moderate agreement” if the absolute deviations IA5¢(9)| are within 2.5, 5.0
and 10.0 Wm™2 respectively. The figures outside and inside the parentheses indicate the maximum
IAS’:Iand IA&}(GO")] respectively. Figures marked by an asterisk indicate reference values from the

Hamburg dataset.
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4.1.3.2 Comparison of the results by laboratory

SP Boras
A low irradiance is used to give good beam homogeneity and also to minimise the
effects of tilt on non-linear effects. A 10 nV digital voltimeter is used to measure the
small signal and the offset is determined for each measurement value. The
pyranometers are not ventilated, but the infra-red component of the beam is removed by
a threshold filter. The mathematical Ieveﬂjng at @ = 70" should produce small values

- for . Thereading time is very short. Because the Boras data are taken as reference for
the comparative tests, it should be noted that:

o the values for 4, from BO are generally higher than those of the other laboratories

o the values for S at 70" or 60° are generally the lowest compared with those of the
other laboratories and

e in the case of PSP #17750 (see Table 4.1.3.1m or Figure 4.1.3.1¢) the values for &,

are exceptionally high, which suggests the reference values may be doubted; the
discrepancy could be related to the spectral properties of this instrument;
the &, (20°, ¢) values for CM5 #773992 (Figure 4.1.3.1b) are exceptionally low.

Kipp & Zonan, Delft
The beam irradiance of 250 W™ is at the border of the low irradiance test-level. The
homogeneity of the beam is only specified for 40 mm diameter, but for most of the
receivers the homogeneity within 25 mm is essential. The levelling is established
photométrica]ly at 60°. The reading time is short. The pyranometer is not ventilated.
The zero offset is only measured twice during each azimuth run. The &, -comparison
with the reference data yields:

¢ good agreement for CM10 and CM5

¢ moderately good agreement for the Schenk Star #2209

¢ moderate agreement for Eko MS42 #81908
In general the Kl-values are relatively lower than BO & HA. The value of £ varies with

@ much less in the KI-result than in the reference result, but the means are similar in
magnitude.
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MOH, Hamburg
The beam configuration has no critical specification, but does not allow pyranometers
with receiver diameters larger than 50 mm to be tested. The 100 nV resolution of the
digital voltmeter is helpful in making accurate measurements at large values of @. '
because of the low normal incidence irradiance of 180 Wm™. The pyranometer
ventilation improves the stability during the cosine error tests. The 2-minute cycle of
reading represents the longest reading time (as for Toronto) and corresponds to that
used in the outdoor calibration routine at MOH. The simple levelling procedure
supposes that the receiver plane is parallel to the top surface of the casing. The 9,
comparison with the reference data yields:

¢ good agreement for the two CM10 pyranometers tested
» moderately good agreement for one of the two PSP pyranometers tested

¢ moderate agreement for one of the two CM5 pyranometers tested {(good agreement if
0 = 409

Large deviations occur for the PSP #17750 but, in this case, the reference data of Boris
are of doubtful quality. In general, the §, values follow: BO > HA > KI > VI. For £, the
HA values usually exceed the reference values but no significant difference has been

found in testing CM10 pyranometers.

ZFMG, Vienna
The test technique is important because of the horizontal positioning of the
pyranometers and because the routine control requirements for Schenk Star
pyranometers allow large receivers to be tested. The beam configuration gives a
relatively high homogeneity over a diameter of 70 mm but there is a low irradiance
value (85 Wm )and relatively high divergence. The low signal strength necessitates
frequent measurement of the offset. The limited resclution of the digital voltmeter
inevitably contributes to a loss of precision in testing at larger angles of incidence,
especially if the pyranometer signal is small (e.g., for the CM10Q).

In the case of the EPO7 pyranometer, the J, values deviate from those of the HA by less

than 7.5 Wm™ (moderate agreement). The results for the other three tested

pyranometers are
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Ad, > 10 Wm™ for CM5 pyranometers, using BO values as reference
A, > 12 Wm™ for CM10 pyranometers, using BO values as reference
Ad, > 16 Wm™ for PSP #17750, using HA values as reference.

The fvalues are higher than the corresponding BO values and lower than the HA values.

NARC, Toronto ,
The applied test irradiance of 700 Wm™ approaches typical outdoor conditions but does
not yield an ideal cosine response because at high irradiances, the signal is influenced to
some extent by the effects of non-linearity and tilt (see § 2.4). The lack of homogeneity
(which is not quantified but probably significant at high irradiances) probably also
contributes to the uncertainty.

The results are only given for two or three azimuthal planes so values of §,have been
evaluated as a mean of only four or six single values. The values of 3(9) for the three
CMS5S pyranometers deviate greatly from the reference (TO<<BQ); the maximum values of
AJ, (approximately 17 Wim™) are nearly identical with the Ad,(60°). The similar
dependence on 6 of A4, (9) for all CM5 instruments (see Figure 4.1.3.1g) is remarkable
and suggests the existence of systematic errors. The Davos test results for instrument

~ CMS #785047 are within the same order of magnitude. In the case of the &, results for
PSP #17750 F3, the differences from the Hamburg values are quite small when 0 > 40°
meeting the good agreement criterion(see Figure 4.1.3.1h).

The values for £ are taken from the NARC table of data and are mostly higher than
those calculated by other laboratories. The small number of azimuth angles precludes a
detailed comparison.

WRC, Davos
High irradiance values which are greater than 500 Wim? (see remarks on NARC, Toronto,
above) are obtained by putting the pyranometers close to the xenon lamp. The
pyranometers are ventilated to minirmise warming. The inhomogeneity of the beam is
only specified for a diameter of 70 mm. The effect for pyranometers with much smaller
receiver surfaces cannot be estimated. Another source of uncertainty may be the
algorithm that determines the reading time from the stability of five samples within a
period of only one second (the resulting times are relatively short, see Table4.1.2a).
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According to the sets of single values for ¢ given in the IEA Task 3 report, the mean
values of 5(6') are only calculated from the data obtained from the "north” and "east"
azimuthal directions which limits the accuracy of the mean values.

In the case of two CM5 instruments, the deviations from the reference are, for one

pyranometer, comparable to those of the TO results. For the other instrument, the
AS,(6) are lower than 7 Wm'2 (see Figure 4.1.3.1g) and fulfil the moderate agreement
~conditions. In the case of one CM10 pyranometer, the deviations are about 10 Wm™?2.

4.1.4 Conclusions
a) Generally, the percentage mean cosine errors & of the different test laboratories deviate

absolutely from each other by less than 1.0% for incidence angles & up to 40°.

b) With regard to the agreement achieved in the values of the 1000 Wm™ absolute
directionality error 8, compared with the results of BORAS):

For all CM10 pyranometers tested, two laboratories (KI and HA) with low irradiance
test conditions, achieved &, results of good agreement. Consequently, the
differences in the test procedures of BO, KI, and HA (beam guality and spectrum;
reading time; ventilation; etc.) are not critical in the case of CM10 pyranometers, or
possibly are not revealed because of compensation effects. In the case of CM10
instruments, the cosine error is relatively small (see Figure 4.1.3.1a}.

The KI Laboratory also achieves good agreement for the CM5 and Schenk Star
pyranometers and a moderate agreement for the PSP and the Eko MS42 instruments.
Larger deviations have been observed in the results for the Swissteco pyranometer,
Apart from the latter, the &, results of the KI and BO test method are in good general
agreement.

The HA laboratory achieved moderate agreement for only one of the two CM5
pyranometers and moderately good agreement for one of the PSP instruments. A
comparison with the Kl results is not possible because only one CM10 pyranometer
has been tested by both laboratories.

Good agreement does not imply that the data are necessarily correct.

¢) The maximum deviations A_,_ between single values of &, (6, §) obtained from

different laboratories (determined at the same azimuth ¢ and incidence @ ) are less
than 5 Wm™? for the CM10 instruments. In the other cases of good agreement, A_, can
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d)

e)

be as much as 10 Wm™. The value A_, may be interpreted as the maximum of the

procedural and operational uncertainty if single values of cosine errors are considered.

The inter-laboratory differences in the measurement of the out-of-level angle £ arein
the order of 0.1°. For CM10 pyranometers, the smallest values are in the mathematically
-levelled BO data. The values of 8 (9) generally vary up to 0.5° and are sometimes
higher but not less stable.

The number of instruments calibrated indoors is too small to draw reliable statistical

conchusions from the indoor tests,

The following investigations should be undertaken to identify the causes of the
discrepancies in the directionality measurements:

e comparison of the laboratory results (especially the reference values) with the
corresponding outdoor test results from Norrkoéping and Toronto,

¢ further cosine error tests of PSP and CM5 pyranometers to complete the content of
Table 4.1.4 and re-testing of PSP #17750 F3 from Boras

» laboratory investigation of how the measurement of directionality is influenced by:
polarisation, homogeneity and the spectrum of the beam; sampling procedures and
the ventilation of the pyranometer

e cosine error tests under the best conditions (e.g., with ventilated pyranometer and
longer reading time in Boras; by use of better digital voltmeter and zero reading
after each angle adjustment, or by improvement of lamp stability, in other
laboratories. It may be noted that later tests done at Boras indicated that the voltage
resolution rather than reading time or ventilation was the limiting factor in the
earlier Boras measurements).
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4.2 Field Measurements

Several field investigations were performed by Subtask 9C or in association with it. Their
calibration results are contained in §8 where discrepancies between different institutions are
examined. Two field experiments are described in detail here and results are given either in

the main text or appendices.

4.2.1 Norrkoping experiment - directional response determined by field measurement
The field experiment at Norrképping (58.6°N, 16.1°E) to measure directicnal response began
in April 1984 and continued until the end of 1985. Pyranometers were tested in the
horizontal and 45° tilted orientation. The six IEA instruments were:

Swissteco S525 #113A,
Schenk-1626,

Kipp and Zonen CM10 #810120,
Kipp and Zonen CM5 #785047,
Eppley PSP #20523,

Eko MS42 #A81901.

4.2.1.1 Instrumentation

As reference for horizontal measurements, the sum of the direct and diffuse components
was used [-sink +.) measured with the Eppley NIP #17007 and Kipp and Zonen

CM10 #810132, respectively. The latter instrument was shaded with a sun-following disc.
To check the reliability of the reference system, the standard pyranometer CM10 #800080,
belonging to SMHI and characterised by frequent calibrations against Angstrém
pyrheliometer #171, was included in the group to be investigated. Instrument

CM10 #800080 has also been used as an ultimate reference when determining the
responsivities of pyranometers at the solar elevation 35° the angle of incidence 55° and at

normal incidence.

Measurements were made with the pyranometers at an inclination of 45° between August
and November 1985. The diffuse radiation was measured with a tilted pyranometer shaded
with a sun-following disc. First the pyranometers were oriented towards the south (azimuth
180°), but in mid-September the orientation was changed to south-west (azimuth 230.5°).
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During the period when the pyranometers faced south, the reference consisted of Eppley
NIP #20918 and Kipp and Zonen CM10 #820133. During the last period NIP #17007 was

again used.

The test pyranometers were not radiometrically levelled. The resolution of the HP3455A
digital voltmeter of the data acquisition system is 1.0 uV.

4.2.1.2 The Reference Instruments

The calibration factor, which is the reciprocal of responsivity, of NIP #17007 was determined
as 122.28 Wm™ mV-1 based on 124 calibrations against A 171. The pyrheliometer,

NIP #20918, which was used temporarily during the first half of the tilt measurement, was
calibrated against A 171 with a calibration factor determined as 119.49 Wm™= mV-!,

Measurements of diffuse radiation were all referenced to CM10 800080, the standard
pyranometer at SMHI, A calibration factor for CM10 #800080, valid for diffuse radiation,
was calculated as the weighted mean of all calibrations done against A 171 with solar
elevations above 20°, the weights being derived from the assumption that diffuse radiation
is isotropic. The value so obtained for diffuse radiation, 164.12 Wm™ mV-! deviates very
little from that in regular use, 164.35 Wm™= mV-1,

The pyranometer used for measuring diffuse radiation on a horizontal surface,

CM10 #810132, was compared with the reference instrument, CM10 #800080, for 803 hours
with completely overcast sky. Correction was made for the offset signals, the diffuse
calibration for the reference was used and it was assumed that the influence of the shading
disc was negligible. The comparison resulted in the calibration factor 218.58 Wm™2 mV-1 for
CM10 #810132.

The reference pyranometer for measuring diffuse radiation on tilted surfaces,

CM10 #820133, was calibrated by comparison with CM10 #800080 using hourly mean
values with solar elevation approximately 35° during a 35-day period in April and May,
1985. The result for CM10 #820133 was determined as 211.37 Wm™2 mV-1.

4.2.1.3 Evaluation

Raw data from instruments tested in the horizontal position were evaluated using offset
corrections and preliminary calibrations for the IEA pyranometers at a solar elevation of 35°.
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The latter were derived from the early results of the comparison and are listed in
Table 4.2.1.4e. No temperature corrections were made.

The evaluation has been extended to give the cosine response for the direct component so as
to be more easily compared with results from laboratory investigaticns and outdoor
calibrations with the alternating shade method. Fdr this purpose, the calibration factors
valid for diffuse radiation were determined by comparison with the standard pyranometer,
CM10 #800080, for 507 hours under overcast conditions in the period from March to
November, 1984. The mean temperature during the comparison was 10.3 C. The
respdnsivities are listed in Table 4.2.1.4e.

The cosine response & which is defined here as the responsivity at a given solar elevation

divided by the value at 35°, is computed fron:

e V b C3 52
Og = m for the global radiation [4.11]
- V-D/C,)C,m
o, = ( 7 /Si::]z 3 for the direct component [4.12]
where
V = signal from the pyranometer in millivolts,
D = diffuse radiation measured with the reference pyranometer
h = solar elevation
Co = calibration constant for diffuse radiation,
Cis = calibration constant for global radiation at /#=35°,
I.sinh = vertical component of direct radiation measured by

the reference pyrheliometer.

Several approximations and simplifications have been made when trying to separate the
cosine response from the direct component. No temperature corrections have been applied
which may lead to large errors in the difference V—D/C, at low solar elevations when the
diffuse radiation constitutes the major part of the global radiation. The assumption of
isotropy may have the same effect. The offset corrections have been determined from the
offset values found during night hours using the assumption that the cooling of the glass
domes of the pyranometers by radiation loss to the clear sky is the same as during the
daytime and can be added or subtracted from the output of the instruments (see §6.7).
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Also, the normalisation in equation 4.12 should be against the responsivity at 2 =35° for
direct not global radiation.

4.2.1.4 Presentation of results
Tables 4.2.1.4a&b show the cosine response of pyranometers in the horizontal position for
global and direct radiation, respectively.

Table 4.2.1.4¢c shows the cosine response of pyranometers inclined at 45°. Cases with

increasing and decreasing angle of incidence are separated. The mean temperatures at angle
of incidence 55° and for all incidence angles are given in Table 4.2.1.4d.

Benchmark responsivities for horizontal measurements at h = 35°, BMHO, for tilted
measurements at i = 55° BMTO, and at near normal incidence, BMTN, have been calculated
from Tables 4.2.1.4a-d. The BMHO values are in Table 4.2.1.4e and BMTO and BMTN values
in Table 4.2.1.4f. A correction of 0.2%, which arises from the normalisation of the cosine
response of the reference instrument CM10 #800080, is included in these values.

Figures 4.2.1.4a-g show the cosine response for individual instruments which are

summarised belbw.

4.2.1.5 Review of results for each instrument.

5525 #113A
Responsivity decreases strongly with decreasing solar elevation and increasing incidence
angle with the pyranometer in horizontal and tilted position respectively. The reason for
the difference between forenoon and afternoon values is not clear (Figure 4.2.1.4a].

CM5 #785047
Responsivity is approximately independent of solar elevation and incidence angle in the
interval h = 10°-50° and i = 5°-80° respectively. At lower solar elevations and larger

incidence angles the responsivity increases strongly (Figure 4.2.1.4b),
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Table 4.2.1.4a Cosine response: global radiation on horizontal surface.

Soler Evation — Degrees

Pyranometet 25 5 10 18 20 ® 30 3 40 45 50
SS25#113A am m | 0812 0857 0929 0545 0858 0971 0580 0388 0884 1003 099
s f 0072 0045 0024 0018 0015 0011 0008  0.009 001f 0008 0.006
n 7 10 2 21 19 18 7 14 14 12 3
pm m | 0884 0943 097 0586 09% 1008 1010 1043 1017 1018 1013
s | 0065 0048 002 0015 0013 0012 0010 0.009 0008 0007 0010
n 9 10 20 20 i} 18 7 7 6 15 4
CMG #785047 am m | 1086 1035  £013 1007 1008 1007 1004 1003 1001 1003 1.000
s | 0047 004t 0018 0016 0012 0007 0006 0006 0007 0003 0004
n 7 10 19 2 19 18 7 14 14 H 3
pm m | 1065 1047 1017 1017 1009 4008 1005 1004 - 1005 {004 1003
s | 0035 0042 0022 0014 0012 0008 0008 0007 0006 0005 0007
n 6 -8 19 20 i) 18 17 17 ® - 15 4
EKO #AB1801 em m | 1057 0988 0982 0882 (0883 0986 0989  0.89% 1001 1008 1016
s | 0093 0045 00m 0023 0020 0017 0018 0015 0014 0012 0004
n 7 1" 0 b4l 19 18 17 14 14 12 2
pm m | 0972 0890 1009 1017 1015 1012 1011 1.014 1016 15 1019
s | 004 003 0012 0010 0012 0011 Q012 0014 0012 001 0010
n 10 1" 20 2 2 18 17 17 16 15 4
CM10#810120 am m | 1034 1013 0896 0885 09594 0598 1.00 1.003 1006 1008 1005
s | 0044 003 0015 0013 001 0008 0007 0007 0008 0006 0007
n 7 10 20 2 19 18 7 14 14 11 3
pm m | 0999 088% 0987 0995 0998 1002 1005 1.009 1013 1015 1013
s | 0050 0051 o00i7 0012 0D 0008 0008 0007 0007 0007 0007
n 6 7 20 20 2 18 17 17 16 15 4
CM10 #800080 am. m | 1038 - 1020 098 05979 0581 0986 058 0994 099 1001  1.000
s | 0063 003 003 0060 0010 0008 0006 0006 0006 0006 0.000
n 7 10 ! 2 19 18 16 13 14 12 2
pn  m | 1019 1008 0938 0985 0957 0593 0887 1.001 1004 1004 1.005
s | 0037 0018 0014 0008 0006 0006 0006 0005 0005 0008 0.006
n 7 9 A pa o 18 17 17 14 15 4
SCH #1626 sm m | 1038 1008 1010 1006 1000 1001 0998 0886 09% 08M 0986
s | 0055 0047 0019 0013 0009 0008 0006 0006 0008 00M 0003
n 7 10 2 2 18 1] 17 14 14 1 3
pm m | 0884 0981 1006 1011 1009 1009 1006 1.000 09%6 0992 0987
s | 005 0043 0021 0012 0009 0006 0005  0.005 0004 0004 0003
n € 8 20 2 20 18 7 17 1% 1% 4
PSP #20523 an m | 0397 0§70 0%83 0387 1006 100 1001 1.006 1011 1016 1.019
s 0055 0036 0018 . 0015 0014 0010 0008 0007 0007 0008 0.005
n 7 13 20 2 19 18 17 % 14 12 3
pm m | 0831 0916 095 0973 087 0997 0998 1005 1011 1016 1.018
E 0023 0054 002 0014 0010 0009 0008 0007 0006 0005 0008
‘n 4 8 20 2 A 18 7 7 16 15 4
Temp. C am +94 +.8 1.7 +85 +06 10 #4120 #4132 42  +48 81
pm 38 #1337 #56  +i62  #6E  +172  +75 H76 H74 H74 0 4202
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Table 4.2.1.4b Cosine response: direct component on horizontal surface,

Solar Elevation — Degrees

Pyranometer 25 5 10 15 2 - 30 35 40 45 50
S5S25 #1134 am m | 0661 0720 0841 088 0923 0947 0962 0.974 0984 0885  05%0
s ] 028 0034 0048 0038 0027, 0015 0018 0.012 0014 0010 0002
n 7 10 20 2 18 18 17 14 14 12 o2
pm m | 0585 Q681 0836 0849 0973 08587 1000 1.008 1.012 1.013 1.008
s | 0283 0164 0057 0028  0.021 0018 0.014 0.012 0010 0009 0010
n 7 9 20 2 20 8 17 17 16 15 4
CMS5 #785047 am m | 1176 1022 0995 053 0995 0934 09 0.995 0832 0835 0994
s [ 0205 0034 003t 0023 0018 0015 0010 0.006 0008 0006 0.004
n & 9 19 ral 19 19 17 1 4 12 3
pn m | 1241 1048 0999 4005 0597 0997 0944 0.985 09897  0.5%  0.9%
s | 020 0128 0045 0023 0015 0012 0010 0.008 0007 0006 Q.00
R & 7 19 2 20 18 17 7 6 15 4
EKO #AB1904 am m | 1184 0506 0818 0844 0852  0.961 0.970 0.981 0587 0998 1.012
s | 0384 0121 0064 0039 0033 0028 0024 0.020 0018 0016 0.003
n 7 i 2 2t 19 18 t 14 14 12 3
pm m | 0546 D82% 0962 0994 0897 099% 0998 1.001 1005 1.006 1.012
s | 027 0453 0040 0018 0016 0013  0.014 0.013 0015 0012 0010
n 10 1 20 2 20 18 17 17 16 15 4
CMI0#810120 an m | 1081 1002 0977 0982 0984  09% 0995 0.999 1.003 1.008 1.003
s | 0119 0073 0029 002 0016 OG0 0010 0.008 0010 0006 0008
n 7 10 20 20 19 7 17 14 14 12 3
pm m | 0932 082r 0854 0980 09590 0596  1.002 1.007 1.012 105 1013
s | 0.306 0181 0042 002t 0016 0041 0.010 0.008 0008 0008  0.008
n 5 & 2 20 20 18 17 17 16 15 4
CMI0#800050 am m | 1106 1034 0875 0967 0971 0.981 0.887 0.932 0997  1.001 1.000
s | 0183 0066 0023 07 0014 0012 0.008 0.007 0008 0007 0001
n 7 1 20 2 18 18 16 13 14 12 2
pm-m | 1001 1031 0973 0974 0980 0888 0895 1.000 1.006 1005 1.005
s| 0329 0073 0033 0014 0008 0008 0008 0.007 0006 0010 0007
n 7 9 20 2 20 18 17 17 14 15 4
SCH #1626 em m | 147 0889 0995 09% 0989 0992 058 0.989 0988 098 0980
s | 031 0125 002 0020 003 0010 0009 0.007 0003 4004 0003
n 7 10 20 21 19 18 7 4 14 12 3
pm m | 081 0856 0384 1,001 1.001 1002 0999 0.593 0883 0834 0978
s | 0218 0140 0042 0021 0015 0010 0.008 0.007 6006 0006 0003
n 7 8 2 20 2 - 18 17 7 16 15 4
PSP #20523 am m | 0837 0807 0840 0960 084 0889 0.991 0.999 1.008 1012 1.017
s | 0147 0078 0037 0028 002 0015 0043 0010 0009 0008 0005 .
n 7 1 2 2 19 18 17 14 14 12 3
pm m | 0465 0584  0B60 0931 0979 0882 0987 0.997 1.006 1.2 1.015
s | 018 0272 0057 0027 0018 0.013 0.o1 0.008 0007 0006 0008
n 4 8 2 2 20 18 17 17 16 15 4
Temp. C am +9.4 +1.8 .7 +85 455 +H10  +20 +32 +142  +i48 +18.1
pm +39 +#37 #1585  +16. 2 +166  +72  H7S +7.6 +17.4  +7T4 4202
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Table 4.2.1.4.e Horizontal surface. Responsivities (uV-W-1 m?) referred to
CM10-800080 at solar elevation 35° and for diffuse radiation.

Responsivity Preliminary Responsivity  Responsivity

Pyranometer Responsivity ' Global

Make & No Diffuse Global Direct BMHC
SS25#113A 15.85 15.27 15.17 15.33
CMS #785047 12.19 11.77 11.74 11.84
Eko #A81901 8.35 7.95 7.90 8.00
CM10#810120 458 451 436 455
CM10 # 800080 6.09 6.08 6.07 6.08
SCH# 1626 15.00 14.63 1453 14.63
PSP #20523 10.05 9.73 9.73 9.81

Eko #A81901

There is a large difference between forencon and afternoon values of the responsivity
for the pyranometer in the horizontal position while the difference between the
corresponding values for the tilted pyranometer is negligible. The responsivity of the
horizontal pyranometer decreases with decreasing solar elevation to about 10°. At
lower elevations the values are uncertain. For the tilted pyranometer, the responsivity
decreases with increasing incidence angle to about 70° and increases at greater angles

Table 4.2.1.4f Inclination 45°. Responsivities (uV-W-1 m?2)

at 55° incidence angle and at normal incidence.

Responsivity ~ Responsivity ~ Responsivity
Pyranometer || i=55°, Direct i=55° Global  Nomal incidence

Make & No BMTO BMTN
8S25#113A 15,25 15.13 15.41
CMS #785047 11.87 11.80 1173
Eko #A81901 7.79 7.70 7.93
CM10 #310120 454 452 457
CM10 #300080 6.09 6.09 6.11
SCH #1626 14.27 14.14 13.94
PSP #20523 9.68 9.68 995

(Figure 4.2.1.4c¢).
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CM10 #800080
Responsivity decreases with decreasing solar elevation and increasing incidence angle
for the horizontal and tilted pyranometers, respectively. A minimum is reached at
h=15°20° and i = 75°-80°. At lower solar elevations and larger incidence angles, the

responsivity increases markedly (Figure 4.2.1.4d).

Schenk #1626
This is the only insttument in the test that shows increasing responsivity with
decreasing solar elevation and increasing incidence angle, respectively. At solar
elevations less than 5-10°, and incidence angles greafer than 80-85°, the uncertainty of
the values does not aliow any conclusions concerning the reasons for this anomalous

response (Figure 4.2.1.4e).

PSP #20523
A pronounced decrease in the responsivity with decreasing solar elevation and
increasing incidence angle is evident. The difference between responsivities associated
with decreasing and increasing incidence angles may be caused by an error in the
orientation of the tilted pyranometer (Figure 4.2.1.4f).

CM10 #810120 _
Responsivity of the horizontal pyfanometer decreases slightly with decreasing solar
elevation for global radiation. The decrease for direct radiation is more pronounced
and has a minimum at 15°-20° (disregarding the afternoon values for low solar
elevations). The large difference between decreasing and increasing incidence angle
for the tilted pyranometer may be due to an error in the orientation (Figure 4.2.1.4g).

4.2.1.6 Estimation Of Errors

Errors from the offset signals, from misalignment of the pyranometers and from incorrect
responsivities in the reference instruments contribute to the uncertainty of field
directionality measurements. The effects of a 1.0 Wm2 offset error, misalignments of
0.2°, 0.5° and 1.0° and 1.0% and 2.0% errors in the reference measurements have been
calculated and are shown in Tables 4.2.1.5a,b&c. These calculations used mean values of
the global, diffuse and direct radiation from the duration of the experiment.

68




Table 4.2.1.5a percentage errors from a 1.0 Wm2 error in offset correction

Global on Directon  Globaton Directon
Horizontal  Horizontal Tilted Tilted
an pm am pm am pm am pm
% % % % % % % %

h=25° i=g76° || 33 56 91 333 14 4.2
h=5.0° i=850¢ || 1.6 23 34 67 15 12 27 29
h=10.0° i=800° )| 07 09 13 8 07 08 10 14
h=350° i=550° |} 02 02 02 02 02 02 02 02

Table 4.2.1.5b percentage errors from misaligning the tested pyranometers

~ Emorg.2° Ermror 0.5° Error 1.0°
Global  Direct Global Direct  Global  Direct
% % % % % %

h=25° i=875°| f4-22 80 3457 20 69115 400
h=50° i=850°] 1523 40 36568 .100 73116 200
h=100° i=800° 1114 20 2634 49 5369 9.9
h=350° i=550° 04 05 1014 12 19-2.2 25

Table 4.2.1.5¢ percentage errors from incorrect calibration of the reference instruments

2% Emorin D 1% Emorin |

Global Direct Globa!  Direct
% % % %
h=25° 8=875| 1317 35107 0.204 1
h=5.0° g=85 | 0813 1939 0.305 1
h=10.0° 6=80° [ 06-1.0 0819 0507 1
h=35.0° @=55 0304 0.30.7 0.8-0.9 1
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Figure 4.2.1.4a: Cosine response. The vertical bars are standard deviations
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SS25-13A Global on tilted Az 180°
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Figure 4.2.1.4a: Cosine response. The vertical bars are standard deviations
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Figure 4.2.1.4a: Cosine response. The vertical bars are standard deviations
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Figure 4.2.1.4b: Cosine response. The vertical bars are standard deviations.
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CM5-785047 Global on tilted Az 180"
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Figure 4.2.1.4b: Cosine response. The vertical bars are standard deviations
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1.4 T T T T i T T T T 4 T Y T ¥
13r L
125 4
i1p .
I Angle of-
& 50 . 4 3 20 10 incidence
1.0 ey 4 + ¢ + '
* -_—--".--—___
- Decr 1
) ——— ner
09 L 1 : i [l I . 1 : { L 1 1 1 1 1 1
{M5~T785047 Direct on tilted Az 230.5
1.1 . . . , . , — — : . ; . . .
10 [—— - T e . . . ,
' 80 70 6 50 %0 0 20 10 Angled
incidence
0% 2 t " 1 L 1 r { L | - 1 | : | L 1 I

Figure 4.2.1.4b: Cosine response. The vertical bars are standard deviations
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Figure 4.2.1.4c: Cosine response.
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EKO-A 8901 Global on tilted Az 180°
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Figure 4.2.1.4c: Cosine response. The vertical bars are standard deviations
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Figure 4.2.1.4c: Cosine response. The vertical bars are standard deviations
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Figure 4.2.1.4d: Cosine response. The vertical bars are standard deviations.
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CM10-810120 Directon tilted Az 180"
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Figure 4.2.1.4d+g Cosineresponse. The vertical bars are standard deviations.
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Figure 4.2.1.4g: Cosine response. The vertical bars are standard deviations.
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Figure 4.2.1.4¢; Cosine response. The vertical bars are standard deviations.
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Figure 4.2.1.4e: Cosine response. The vertical bars are standard deviations.
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Figure 4.2.1.4f: Cosine response. The vertical bars-are standard deviations.
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Figure 4.2.1.4f: Cosine response. The vertical bars are standard deviations.
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PSP - 20523 Direct on tilted Az 180°
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Figure 4.2.1.4f: Cosine response. The vertical bars are standard deviations,
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4.2.2 Toronto experiment: directional response determined by field measurement
Twenty six of the IEA pyranometers were subjected to field tests in Toronto. These
pyranometers with some others belonging to NARC and some pyrgeometers were exposed
on the AES facility during period of about twenty months in 1983-84, not all of them for
the whole duration. All the field calibrations are based on the Canadian reference Hickey-
Frieden cavity radiometer HF#18747. The data from all the pyranometers have been
analysed to provide a variety of calibrations and characterisations. These include
benchmark calibrations, which are examined in Chapter 8. The main subject of this
section is the determination of the directional response of pyranometers both in the
horizontal and 45°-tilted orientations. In addition, the data obtained at night have been
used to study the behaviour of the offset signals as reported in Chapter 6.

4.2.2.1 Deployment of radiometers.

Four computer contrelled solar trackers were operated at the AES roof during the IEA test.
Three of these were mounted in the usual manner with the main axis vertical. The first
tracker was used for Normal Incidence Pyrheliometers(NIPs) and for the cavity radiometer.
The NIPs were present at all times; the cavity radiometer was deployed only on days when
rain was not anticipated. The second tracker carried a CM10 pyranometer and an Eppley
PIR pyrgeometer each with an 11 am shading disc at a distance of approximately 1.1 m.
The discs shaded the pyranometer and pyrgeometer from the sun for most of the
experiment; on a few days they were operated in a 10-minute on, 10-minute off
alternating shade sequence. The third tracker carried up to three pyranometers so that
they were permanently normal to the solar beam. One of these was usually shaded by a
disc which was sometimes operated in the alternating on/off manner. The fourth tracker
was installed tilted 45° in a direction 22° east of south. A CM10 pyranometer was
mounted on this tracker with a similar shading disc so that it measured the diffuse
component of the 45°-slope irradiance. Like the horizontally mounted shaded
pyranometer and the shaded normal incidence one, this pyranometer was also subjected
to the intermittent shading sequence for several sh_ort periods each lasting for a few days.

Most of the pyranometers were mounted on two tables at the southern edge of the roof.
These tables were constructed so that they could be tilted by precisely 45°. When, the
tables were tilted, which was for about 40% of the experiment, théir field of view
comprised only the sky and part of the ground that was at least 50 m away and fairly
uniform. The furthest pyranometers were about 5 m apart and it is believed that the
incident radiation was identical for all of them.
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The pyranometer mounted on the tilted tracker was between the two tables and had the

same field of view.

Most of the pyranometers and the pyrgeometers were enclosed in the NARC ventilated
housing which is described in Chapter 6.

4.2,.2.2 Data acquisition and control

The data acquisition system comprised a 60-channel reed-relay multiplexer and a 6% digit
voltmeter. These were cont'rolled'by a desktop computer. The sampling rate was once per
12 seconds; 1-minute averages were computed and stored on 9-track tape. Each tape
contajnqd about two months of data. Forty five of the sixty channels were used for
voltage measurements; the remaining fifteen were used for measuring the resistance of
various thermisters, including one which measured air temperature. The cavity
radiometer was controlled by the same computer. It was self-calibrated and zeroed
during a seven-minute period every 30 minutes.

" 4.2.2.3 Preparatory Analysis

A number of procedures were done prior to the investigation of directionality.

The first task was to calibrate the pyrheliometers against the cavity radiometer and to
examine their stability. This work is described in the report of the Norrkoping

- Symposium. It was established that the root mean square difference between NIP and
cavity radiometer values was 3-5Wm™. This was considered good enough to use the NIPs
for the reference for the pyranometer calibrations. However, in some cases it was decided
as well to use the cavity radiometer directly; unfortunately, the amount of data available
with the cavity radiometer is much less because of its limited deployment.

The three CM10 pyranometers that measured horizontal diffuse, tilted diffuse and the
diffuse centred in the solar direction were first calibrated. This was done both by the
Alternating Shade Method(ASM), which is described in detail in Appendix BB, and by the
Simuitaneous Diffuse and Global Method (SDGM). On the basis of the results of these
methods, a responsivity for diffuse radiation was chosen for each of these three

pyranometers.
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Figure 4.2.2.3a illustrates results from the ASM obtained during a two-month period on
the tilted diffuse pyranometer. There are 280 points each obtained from one 20-minute
cycle. Three outlying points may be the result of tracking malfunction. Nearly all the
other points (259) are within a two percent range. Because of the 45'-tilt, there is some
data quite close to normal incidence, and in the whole range & <80° , there is little

evidence of directional error on this CM10.

Figure 4.2.2.3b illustrates a calibration by the SDGM. These data are ten-minute averages

accumulated over a two-month period. Three instruments are involved, the reference NIP
measuring the normal incidence radiation (I ) , the shaded pyranometer measuring the

diffuse radiation (D) and another pyranometer measuring the global radiation (G) .

Defining the pyrheliometer and pyranometer responsivities as R,, , R, and R; respectively

and the signals from the three as JV},, ¥, and V5 , the ordinate of the plotis ¥ /J, and

the abscissais ¥, -cosf/¥, . On the assumption the three instruments are perfect in the

sense that I, = R; -G etc., and because G=D+1-cos#, it follows that there is a linear |

relation between the two variables and that its gradient is —~R;,/ R, ; also that the two

intercepts are R, /R; and R, /R;. |
w _ R + R, Vy-cosé

4.
Vs R, R, (4.13]

The SDGM was used only to derive the responsivity of the diffuse instruments from the
NIP via the gradient. The respbnsivity of the global pyranometer is better evaluated from
the same data by the more obvious Component Summation Method, described later, which
was the basic method used in the Norrkoping experiment (§4.2.1).

The tightness of the plot and the straightness of the line in Figure 4.2.2,3b give at least a
qualitative justification of the assumptions for these two pyranometers and the SDGM.
The points which are far away from the line arise from tracking errors either of the NIP or
the shading disc, and have to be rejected in the analysis. The eight values obtained for
this and seven other two-month periods over the 20-month duration have an estimated
standard deviation of about 0.8% and agree with the values obtained by the ASM. The
method therefore, for these instruments at least, is a valid alternative to the ASM. Itis
particularly useful since, unlike the ASM, it does not interrupt the measurements and does
not require the extra mechanism of alternating shading. It probably does not work so well
with pyranometers that have larger directionality errors than these CM10s.
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With the calibrations for the NiPs and the diffuse instruments established, an accurate
reference measurement of global radiation becomes available throughout most of the
dataset. Using such a reference measurement to evaluate the responsivity of another
pyranometer to global radiation is often called the Component Summation Method (CSM).
In principle this could have been used to evaluate the responsivities for global radiation
for all the other instruments; in practice it was done only for three, two of which were
chosen because they appeared to have very little directionality error. These were two
CM10s, one mounted on each of the tiltable tables. Figures 4.2.2.3c shows the calibration
data for one of these when it was in the horizontal orientation. Figure 4.2.2.3d shows the
calibration of the same pyranometer in the tilted orientation. The ordinate is the
responsivity evaluated as the output voltage divided by the global radiation measured as
the sum of the direct and diffuse components. These pyranometers were designated as
reference instruments for both global and tilted global radiation.

The responsivities for global radiation for the remaining pyranometers were calculated
from their output voltages divided by the voltage from one of the reference global
instruments. Benchmark responsivities were calculated by restricting the data to
conditions that approximated the defined benchmark conditions, and extrapolating as
required (Chapter 8). A condensed description of the derivation of these results and the
results themselves are in Appendix BB.

4.2.2.4 Directionality analysis
A large amount of data on the directionality of response to global radiation could be
presented but it would be of little value because global radiation can be anything from

isotropic to 90% direct beam radiation. Such data would not be comparable with
laboratory measurements of & (9, ¢) which refer to unidirectional incident radiation.

Therefore an analysis was devised, similar to that used on the Norrképing data, to
calculate the response to direct beam radiation. It is described here and has been used for

most of the pyranometers.

The method is based on the assumption that the responsivity of the tested pyranometer to
diffuse radiation R, , is constant. Also it requires measurements of both global and

diffuse radiation from other instruments. With this assumption, the signal from the
tested pyranometer can be written as:
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v = R,-D+R(6)-(G-D) _ [4.14]

so that directional response of the tested pyranometer is

V-R,-D
G-D [4.15]

R(6) =
The data for D and G come from one of the diffuse shaded pyranometers and one of the
reference global instruments. They are assumed to have negligible directional error.

The result of using this algorithm depends on the value chosen for K, which should itself
‘be a weighted mean R(G) over the hemisphere. In this application, the data is not

available over the whole range of 0<6<90° so an exact solution cannot be found. However,
about half of the diffuse radiation originates in the range 30°<6<60° over which data is
usually available. With this in mind, R, values were chosen, by successive
approximations, so that they were the mean of the computed R(&) in the 30-60° range. It

is important to note that a change in R, produces a much smaller change in R(B) than in
the difference between R, and the mean of R(G) which is the quantity by which &, is

chosen. The ratio of these changes is D/ G . The data are selected for high direct to

global ratios according to the criterion shown in Figure 4.2.2.4a. This resultsintheD/G
ratio always being less than 0.5 within 30°<6<60°. Consequently, the selection of R, is
not a major source of error in R(G) .

Results of this analysis for two pyranometers are shown in the top panels of

Figures 4.2.2.4a,b. As shown in the legends, corrections to the two pyranometer voltages
have been made for the dark (offset) signals. The ordinate is chosen to show the
fractional departure of the responsivity from some arbitrary value, which can be deduced
from the term *-In(1.480)” in the ordinate legend of Figure 4.2.2.4a. The centre line
represents 1.48 times the responsivity of the reference (CM10 #810166, R=4.68). The
graph is comparable to the usual plot of direction errors (cosine plots), but it is not
-normalised. Results like Figure 4.2.2.4 from most of the other pyranometers are in
Appendix CC.
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4.2.2.5 1000 Wm2 directional errors

The 1000 Wm'? absolute directional error has been introduced in section 4.1.1,as & r(6’) ,
defined by equation 4.5. The verbal definition is: the error, when measuring a 1000 Wm?
irradiance from a single direction, caused by using the normal incidence responsivity

instead of the responsivity specific to that direction.

Because the direct solar beam is never much more than 1000 Wm?, the range of & , values

gives an approximate upper limit to the error that might occur in outdoor usage owing to
the directionality of the pyranometer response. For this reason, and others, it may be
preferred to the traditional percentage or fractional variation of responsivity 5(9,¢) used

in the previous section. The full mathematical deﬁx_ﬂﬁon. following ISO 9060 (1990E), is:

5(6.4) = 1ooo-cos(9)-R(9’¢)“R(9=°)

R(6=0)

[4.16]

Since azimuth variation is ignored in the NARC field analysis, the definition that will be

used here is:

R(6)- R(6=0)

R( 9=0) [4.17]

g':(‘9) = 1000-cos(8)-

A value for R( 9=0) is required to calculate &, . This presents no problem for laboratory
data, but here there are no data near normal incidence in the horizontal orientation and
not many for the tilted orientation. The values used for this analysis are estimates based
on the R(G) data available for the lowest §. This is essentially filling in the gap in the
4.2.2.4 Figures. The results are shown in the lower panels of the Figures and in

Appendix CC. In the legend on each plot the R(G:O) value that has been used is specified
by the "normal incidence adjustment”. It means, in the case of Figure 4.2.2.4b, that:

R(6=0) = Ry 1480- exp (n.i.adj) [4.18]

These adjustments range from -2.0% to + 3.5%.
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4.2.2.6. Discussion of results -

~ The potential accuracy of these field results is the first subject that needs to be addressed.
It is well-known that two good pyranometers of the same type, mounted side-by-side and
using the same data acquisition system can give impressive agreement. When the NARC
field measurements are compared against each other in this manner the rms scatter for
the ten-minute averages is often as low as 3 Wm2 for several thousand observations over
a two-month period. This 3 Wm value can be regarded as noise in the basic signal. The

. measurement uncertainty cannot be less than this.

Of greater relevance to measurement uncertainty are the determinations of Benchmark
Responsivities in the NARC experiment. These were done over a total two-year period in
several two-month intervals (described in Appendix AA with the results listed in the first
four tables of Appendix BB).

The temporal stability of a Benchmark calibration is an important statistic. For example,
the calibration from the first two months could be used to calculate the irradiance during
the remaining months and the measurements assessed to determine how closely they fit
the reference. The reference used for the NARC Benchmarks were the measurements

made with the NIP and the shaded pyranometers and the first calibration was done on an
Eppley PSP. Eight respdnsivities for BMHO were obtained in this manner, called the "direct
method" (also CSM). About 1000 data points throughout the two-year period were used,
corresponding to conditions similar to BMHO (i.e. solar elevation around 35 degrees and
irradiance around 600 Wm2). The spread was 1.1% in the sample of eight with a standard
deviation of 0.4%, equivalent to 2.4 Wm2. The typical scatter of the individual ten-minute
readings in each two-month period was, as above, about 3 Wm2. Disregarding the
contribution from the reference, the single pyranometer measurements therefore appear
to have an rms uncertainty of about 5 Wm2. All the other pyranometers were assigned
Benchmarks by using the calibrated PSP as the reference in place of the direct and diffuse
combination. The results of this method are called "Relative Benchmarks” in

Appendix AA. The reproducibility for some of the tested instruments was as good as
those given by the direct method. '

In summary, the internal reproducibility of the measurements in the NARC experiments
appears to be below the 10 Wm2 rms level for the ten-minute averages throughout the
two-year period. In view of this, the level of discrepancy between institutes' Benchmarks,
analysed in Chapter §, is surprisingly large in most cases.
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The results for the directionality in general show the same features as those of laboratory
measurements. A good example can be seen for the Eppley PSP on page 3, Appendix CC.
The scatter of the points in these curves is generally less for the instruments with lower
directional errors. Some of the curves show evidence of misalignment.

The NARC field results on three CM5s, like the Norrkoping field data on CM5 #775047,
are different from the laboratory data on the same instruments. The field data do not
generally show the decline in respbnsivity from € = 30° to &=60" that is shown in most
of the laboratory data (Figure 4.1.3.1b versus pp15-21 &58-61 in Appendix CC and
Figure 4.2.1.4b). The difference may be caused by the non-linearity and azimuth
dependence of the CM5 fortuitously compensating for the effects of the mean directional
€rTor 3‘((9) . However, this interpretation has not been tested by detailed analysis. _

The 1000 Wm2 directional error plots indicate that several of the CM10s are within the
10 Wm—21S0O 9060 criterion for a secondary standard reference pyranometer. In general,
the PSPs are at 15 Wm2, as are some CM5s. There are very few measurements with the
error exceeding 40 Wm2.
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Chapter 5. Signal Delay, Temperature, Non-Linearity,
Instrument Tilt and Spectral Effects

5.1 Introduction

Pyranometers are simple insouments. Nevertheless, in actual 